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ABSTRACT

Aim: We have collected the most complete multi-wavelength (6.0—6.0 x 107'® cm) dataset of very high energy (VHE) y-ray emitting
(TeV) BL Lacs, which are the most numerous extragalactic VHE sources. Using significant correlations between different bands, we
aim to identify the best TeV BL Lac candidates that can be discovered by the current and next generation of imaging air Cherenkov
telescopes.

Methods: We formed five datasets from lower energy data, i.e. radio, mid-infrared, optical, X-rays, and GeV y-ray, and five VHE
y-ray datasets to perform a correlation study between different bands and to construct the prediction method. The low energy datasets
were averaged for individual sources, while the VHE y-ray data were divided into subsets according to the flux state of the source. We
then looked for significant correlations and determined their best-fit parameters. Using the best-fit parameters we predicted the level
of VHE 7y-ray flux for a sample of 182 BL Lacs, which have not been detected at TeV energies. We identified the most promising TeV
BL Lac candidates based on the predicted VHE +y-ray flux for each source.

Results: We found 14 significant correlations between radio, mid-infrared, optical, y-ray, and VHE 7y-ray bands. The correlation
between optical and VHE y-ray luminosity is established for the first time. We attribute this to the more complete sample and more
accurate handling of host galaxy flux in our work. We found nine BL Lac candidates whose predicted VHE y-ray flux is high enough

for detection in less than 25 h with current imaging air Cherenkov telescopes.

Key words. galaxies: active — BL Lacertae objects: general — X-rays: galaxies — catalogs — methods: statistical —

gamma rays: galaxies

1. Introduction

The majority of extragalactic objects detected in the very high
energy (VHE) y-ray band (>100 GeV) are a rare type of radio-
loud active galactic nuclei (AGN) called BL Lacs (Massaro et al.
2011); (Djannati-Atai 2009, and references therein). BL Lacs
are characterized by large amplitude flux variability, highly po-
larized radiation in the radio and optical band, and apparent
superluminal motion (Blandford & Rees 1978). The observed
nuclear phenomenology of BL Lacs is interpreted as due to
the presence of a relativistic jet. As a subclass of blazars, BL
Lac jets are nearly aligned to the line of sight of the observer
(Blandford & Konigl 1979). Furthermore, BL Lac spectra in the
optical band are rather featureless, and therefore the determina-
tion of the redshift is very challenging.

VHE y-ray emitting (TeV) BL Lacs have an important role in
physics and astronomy. As bright and distant objects, their VHE
y-ray spectra can be used to study the universe between us and
BL Lacs (e.g. extragalactic background light (EBL)) and inter-
galactic magnetic field (IGMF; Ackermann et al. 2012). More-
over, their jets can be considered as natural particle acceleration
laboratories.

BL Lacs have continuous two-humped shape spectral energy
distribution (SED). The SED covers the electromagnetic spec-
trum from radio to VHE y-ray and is dominated by non-thermal

* Full Tables A.1 and A.2 are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?]/A+A/608/A68
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radiation. The first peak is located between the infrared and hard
X-rays, while the second peak lies in the MeV-GeV part of the
spectrum (Ghisellini et al. 1998). There is also a claim that BL
Lacs are counterparts of ultra high energy (PeV) neutrinos (e.g.
Padovani & Resconi 2014).

The first hump in the SEDs of BL Lacs is synchrotron
emission from relativistic electrons spiralling in the magnetic
field of the jet. There are competing explanations for the sec-
ond hump. In the leptonic case, an inverse Compton (IC)
mechanism describes the second hump of SED. The seed
photons for the Compton scattering can be either external
to the jet (Melia & Konigl 1989; Dermer & Schlickeiser 1994;
Sikora et al. 1994) or provided by the synchrotron emission of
the jet itself (i.e. synchrotron self Compton (SSC; Coppi 1992;
Maraschi et al. 1992)). The most widely used source of external
seed photons, the broad line region (BLR), which comprises line
emitting clouds in rapid motion around the central black hole, is
weak or absent in BL Lacs. Therefore, a single zone SSC model
is typically used to model the second hump of the BL Lac SEDs,
even though there is growing evidence that single zone mod-
els are not adequate (e.g. Aleksi¢ et al. 2014). In the hadronic
scenario, the second hump of SED can be modelled using pro-
ton synchrotron emission (Aharonian 2000; Miicke & Protheroe
2001) or photopion production (Aliu et al. 2014).

BL Lacs are categorized according to the frequency of the
first peak of their SED (vgy,) (Giommi & Padovani 1994). There

are three types of BL Lacs: low peaked (LBL; vy, < 10'* [Hz]),
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intermediate peaked (IBL; 10" < vy, < 10'° [Hz]), and high
peaked (HBL; vy, > 10" [Hz]) BL Lacs (Abdo et al. 2010).
The majority of TeV BL Lacs are HBLs.

Among the 1425 BL Lacs and BL Lac candidates in the fifth
edition of the Roma-BZCAT catalogue (Massaro et al. 2015),
only 55 had been detected in the VHE y-ray band by the end
of December 2015. The TeV detected sample is observationally
biased as no all-sky surveys from imaging air Cherenkov tele-
scopes (IACTs) exists. This is due to the relatively long exposure
time (typically 10 h) needed to detect VHE vy-ray emission from
typical BL Lacs combined with the size of the field of view of
IACTs (three-five degrees). Because of these observational limi-
tations, a prediction method to estimate VHE y-ray fluxes of yet
unobserved BL Lacs would be highly desirable.

In this paper, we have collected a complete multi-wavelength
dataset of known TeV emitting BL Lacs and search for correla-
tions between VHE vy-ray luminosity and the luminosity in lower
energy bands. Previous works in this regard have been based on
a small (<17) number of TeV BL Lacs. Costamante & Ghisellini
(2002) selected 246 BL Lacs from five different samples and
compared their X-rays (1 keV), radio (5 GHz), and optical
(5500 A) properties with the known TeV BL Lacs. They found
that all five TeV BL Lacs flux energy densities (hereafter flux) lie
in two rectangles in the radio and X-ray plane as well as the op-
tical and X-ray plane. In total, 33 TeV BL Lac candidates were
introduced by these authors, of which >65% are now TeV BL
Lac. Wagner (2008) conducted a search to find correlations be-
tween lower frequency bands and the VHE y-ray. Using a sample
of 17 TeV BL Lacs, he investigated a correlation between X-ray
and VHE y-ray luminosities and found a coefficient of 0.76. No
significant correlation was found between optical/radio and VHE
v-ray. Fan et al. (2012) investigated the correlation between ra-
dio and y-ray photon flux, which was confirmed by a Spearman
test on quasi-simultaneous data for 39 BL Lacs.

This paper aims at introducing a new TeV BL Lac candi-
date list based on correlations found in TeV detected BL Lacs.
Two samples of BL Lacs are collected here: one TeV detected
BL Lac sample and another non-TeV detected BL Lac sample
which are presented in Sect. 2. Section 3 contains our cross band
correlation study. Using the significant correlations we found,
Sect. 4 presents a prediction of the TeV flux for non-TeV BL
Lacs. Finally, Sect. 5 contains the discussion and conclusions of
this paper.

2. Samples and data

Two samples of BL Lac objects are used in this study, a TeV
BL Lac sample, which is used to build the prediction method,
and a non-TeV BL Lac sample to which the prediction method
is applied in order to find the best TeV BL Lac candidates.

The TeV BL Lac sample is based on the list in TeVCAT!.
There were 55 BL Lacs listed in the TeVCAT online catalogue
at the end of 2015, but more TeV BL Lacs have been discov-
ered since then (see discussion in Sect. 4). Among the BL Lacs
listed there, IC310 and HESS J1943+213 have uncertain classifi-
cation (Schulz et al. 2015; Shahinyan et al. 2015). Additionally,
the VHE y-ray spectral properties of six TeV BL Lacs have not
been published yet?. Therefore, our TeV BL Lac sample contains

' http://tevcat.uchicago.edu

2 The omitted sources from TeV sample are S2 0109+22,
RX J1136.8+6737, RGB J0136+391, MS 1221.8+2452, S3 1227+25,
and RBS 0723.
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47 BL Lacs. The sample is presented in Table A.1, which is an
example of the complete CDS version.

Six bands in the electromagnetic spectrum were selected for
the correlation study based on the availability of the data. In
the radio band, we selected 4.85 GHz. The mid-infrared band
(6.44 x 10* GHz) was selected based on the availability data
from Wide-field Infrared Survey Explorer (WISE). In the op-
tical, the R band (Cousins; 4.85 x 10° GHz) was chosen based
on the availability of long-term monitoring data. For the X-rays,
a2—-10 KeV (4.83 x 108-2.41 x 10° GHz) range was selected
and the range of 1-100 GeV (2.41 x 10'*=2.41 x 10'® GHz) was
selected in the y-ray because the best sensitivity of the LAT in-
strument on board the Fermi satellite lies in this range. Finally,
a >200 GeV (>4.83 x 10'° GHz) range was selected for VHE
y-ray band. Subscripts R, I, O, X, y, and VHE were used as the
indicators for radio, mid-infrared, optical, X-ray, y-ray, and VHE
y-ray bands, respectively.

The fifth edition of the Roma-BZ catalogue (Massaro et al.
2015) contains 1425 BL Lacs and BL Lac candidates. Excluding
TeV BL Lacs (55), BL Lacs with unknown (666) and uncertain
(105) redshift leads to a sample of 599 objects. If we require flux
information in at least three out of five lower energy bands, the
number of non-TeV BL Lacs reduces to 182 objects (Table A.2).

In order to compute intrinsic properties, at least the
redshift and multi-wavelength unabsorbed fluxes (S° =
vf, [erg/cm2 /s]) are needed. Additionally, the BL Lac type and
photon index of local spectrum in the X-ray, y-ray, and VHE y-
ray bands are needed for the K correction of fluxes. However,
owing to restricted data availability in the VHE y-ray band, the
unabsorbed energy flux density is substituted by measured en-
ergy flux density.

2.1. Multi-wavelength flux data

The radio fluxes at 4.85 GHz for both samples are collected from
Laurent-Muehleisen et al. (1999), Fossati et al. (1998); PMN,
Griffith et al. (1995); 87GB, Gregory & Condon (1991); GB6,
Gregory et al. (1994, 1996); and 1RXS, Voges et al. (1999). For
the TeV sample, we were able to collect fluxes for all sources,
whereas for 19 objects of the non-TeV sample we did not find
the radio flux in the literature. In the TeV sample the fluxes are
between 3.88 x 10710 and 2.93 x 10713 [erg/cmz/s], and in non-
TeV sample between 1.94 x 107¢ and 1.81 x 10~ [erg/cm?/s].

The mid-infrared fluxes for both samples are reproduced
from Wright et al. (2010) based on the method described in
Massaro et al. (2013b). To estimate the mid-infrared average flux
of the objects, we selected all the WISE observations with §/N >
2 in three bands (i.e. (2.49, 6.51, and 8.82) x 10* GHz). The mid-
infrared fluxes are between 8.50 x 10713 < §; < 8.93 x 107!
and 2.65 x 1071 < §1 < 3.91 x 10719 [erg/cm?/s] for TeV and
non-TeV samples, respectively.

The optical R-band fluxes for both samples are collected
from the Tuorla blazar monitoring® (Nilsson et al. in prep.),
(Flesch & Hardcastle 2004) and (USNO B1; Monet et al. 2003).
We used average fluxes covering at least two years of obser-
vations. The optical fluxes are between 3.70 x 10713 < §¢o <
1.08 x 10719 and 2.55 x 107 < S < 5.65 x 10711 [erg/cmz/s]
for the TeV and non-TeV samples, respectively. The flux values
were corrected for the galactic extinction (Schlafly & Finkbeiner
2011) and the host galaxy contribution whenever the host galaxy
parameters were available from good quality optical imag-
ing (e.g. Nilssonetal. 1999, 2003, 2007). The host galaxy

3 http://users.utu.fi/kani/1m/
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contribution was integrated within an aperture corresponding to
the aperture in the literature and subtracted from the R-band flux.
Altogether 44 out of 47 objects in the TeV sample were treated in
this way. For PKS 0447-439, BZB J1010-3119, and PKS 1440-
389, the host galaxy properties could not be found in the lit-
erature or determined from existing public data. None of these
three sources are categorized as host-galaxy-dominated BL Lacs
(BZG) in Massaro et al. (2015). We also tested the host contri-
bution using the result by Sbarufatti et al. (2005) that the BL Lac
host galaxy luminosities are confined to a relatively narrow lu-
minosity interval Mg = —22.8 £ 0.5 [mag]. Assuming a further
effective radius, r. = 10 [kpc], we computed the expected host
galaxy flux within the aperture. For all three sources the host
fraction was <25%. Given that the host galaxy flux can be esti-
mated with ~50% accuracy with this method, we did not subtract
the host flux for these three sources.

We collected the X-ray fluxes of the TeV sample from the
references listed in Table A.1. For three sources (KUV 00311-
1938, 1ES 1312-423, and MAGIC J2001+435), we analysed
the data (see Sect. 2.4). The X-ray fluxes of 91 targets in the
non-TeV sample were collected from D’Elia et al. (2013); we
analysed the data for 33 of these sources (see Sect. 2.4) and re-
ported these results in the literature for the first time. The X-ray
fluxes are between 1.30 x 10712 < Sy < 5.31 x 10719 and
573 x 107" < Sx < 473 x 107! [erg/cm?/s] for the TeV
and non-TeV samples, respectively. Observations by Swift are
typically biased to flaring states as this instrument operates on
a target of opportunity mode, but in our collection we also have
data from pre-planned multi-wavelength observations. Addition-
ally we averaged 5 to 10 fluxes for each source so that each flux
would represent an average state rather than a flaring state.

The y-ray flux (1-100 GeV) for both of the samples are col-
lected from (3FGL; Acero et al. 2015), which provides average
fluxes of the sources in the first four years of the Fermi mission.
The y-ray flux varies between 1.90 X 107! < S, < 2.42 x 10~
and 8.04 x 10712 < S, < 2.64 x 10~ [erg/cm?/s] for TeV and
non-TeV samples, respectively.

We collected VHE y-ray properties for the TeV sample from
the references in Table A.1. The pivot energies E;, above which
the integral flux is calculated, are highly inhomogeneous in the
literature. Therefore, pivot energy (E;), integral flux over the
pivot energy (fvug-£)), and best-fit spectral index (I'vyg) are
collected to make the VHE +y-ray fluxes synchronized and com-
parable. We chose E; = 200 [GeV] as the homogenized pivot
energy since it is the most frequent pivot energy of the collected
data. We did not use EBL-corrected fluxes as these were not
available for all sources. Since the sources are mostly located
in relatively low redshift and detected in relatively low energies
(<500 [GeV]), this should bias our study less than excluding
sources for which there are no EBL corrected fluxes.

Some TeV BL Lacs have at least two VHE y-ray inte-
gral fluxes over 200 GeV available in the literature. These BL
Lacs are labelled as group A while the rest are categorized as
group B. For group A, we collected two flux values that repre-
sent the highest flux and lowest flux reported in the literature.
For group B, there either exists only one published measurement
or there is no clear claim about integral flux variability.

2.2. Redshifts and classification

The redshifts for the non-TeV sample were collected from the
Roma-BZCAT catalogue (Massaro et al. 2015). For the TeV
sample, we checked all redshifts one by one. In case of a

discrepancy between reported redshifts in the literature, we used
the most reliable value and noted the reason for using this value
in Table A.1.

The BL Lac type (HBL, IBL, and LBL) of the TeV sample
and 67% of the non-TeV sample were collected from Acero et al.
(2015). For the rest of the non-TeV sample, we used reported
radio and X-ray fluxes from Massaro et al. (2015) to compute
the spectral slopes, a,,. We used a,, = 0.75 as the dividing value
between HBLs and IBLs/LBLs (Heidt & Nilsson 2011).

2.3. K correction

The fluxes were K corrected with
Sres — Sobs % (1 _ Z)a/—l’ (1)

where « is the energy spectral index in § o v~® (Kapanadze
2013). For the radio fluxes, we adopted ag = 0.0 for
both samples (Lin & Fan 2016). The method described in
D’ Abrusco et al. (2012) was implemented to calculate the mid-
infrared spectral index of all the objects in both samples. In the
optical, we assumed @p = 1.1 for HBLs and @ = 1.5 for non-
HBLs based on the average value given in Fiorucci et al. (2004)
for both samples. For K correction of the higher energy bands,
we adopted @ = o™ — 1, where « is the energy spectral in-
dex and o™ is the photon index (Lin & Fan 2016). The X-ray,
y-ray, and VHE +y-ray photon indices were collected from the
same source of information described in Sect. 2.1. In the cases
where the X-ray spectrum of the objects were described with log
parabola

E (—(lpivol -B log( %\/ol ))

N(E) = 7
Pivot

; @

we used the a¥' = apivo + (1.135 X B) to calculate the equivalent
power-law index. Here, 3 is the curvature parameter of spectrum
as described in Massaro et al. (2004). Furthermore, we assumed
a}\),l}_lE = 3.27, which is the average of all the data points in our
TeV sample, to calculate the predicted flux of non-TeV BL Lacs.

2.4. Swift-XRT data

The multi-epoch event list obtained by the X-ray Telescope
(XRT; Burrows et al. 2004) on board the Swift satellite are pro-
cessed using the HEASOFT package version 6.18. All the ob-
servations were performed in photon counting (PC) mode. We
defined the source region as a circle of 20 pixels (~47") at
the centre of the source, while we defined the background re-
gion by a ring centring at source with inner and outer radii of
40 (~94"") and 80 pixels (~188"). We extracted the source and
background spectra using XSELECT task (v2.4c). If the source
spectrum count rate exceeded 0.5 counts/s, we used a pile-up
thread. To implement the pile-up thread, one pixel (~2.36”) was
excluded interactively from the source region, and the source
and background regions were expanded by one pixel until the
source spectrum count rate dropped below 0.5 counts/s. We used
the xrtexpomap task (v0.2.7) to correct the flux loss. This flux
loss is due to not using some of the CCD pixels in data col-
lection. We used the xrtmkarf task (v0.6.3) to take into ac-
count vignetting and bad pixels. Also the count loss caused by
the pile-up was corrected by setting the PSF correction flag to
“yes” and using the exposure map created by the xrtexpomap
task. The output of xrtmkarf was saved in the ancillary re-
sponse file for the next steps. We used the grppha task to group
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source spectra in such a way that each bin contained 20 counts,
thereby attaching the background, ancillary response file, and re-
sponse matrix file to the source spectrum file. The flux and spec-
tral parameters calculated employing the XSPEC task (v12.9.01).
The photoelectric absorption coupled with the power-law model
was fitted to the spectrum with fixed equivalent Galactic hy-
drogen column density (ny). We obtained the ny values are
from The Leiden/Argentine/Bonn (LAB) Survey of Galactic HI
(Kalberla et al. 2005). Then we averaged the model fluxes in the
energy range of (2-10 keV) to make a single data point of X-ray
flux for each source.

3. Correlation study

We calculated the luminosities in lower energy bands (i.e. ra-
dio, mid-infrared, optical, X-ray, and y-ray) with the unabsorbed
K corrected flux in each band assuming the ACDM model for
a flat universe, Hy = 67.3 [km s‘l/MpC] and Qy = 0.315
(Planck Collaboration XVI 2014), using the NED Cosmology
Calculator-I* (Wright 2006). For the TeV sample, VHE y-ray lu-
minosities were calculated from the K corrected flux and catego-
rized into single TeV-detected (group B, 26 objects) and multiple
TeV-detected (group A, 21 objects) groups. Figure 1 illustrates
the distribution of TeV sample in different luminosity-luminosity
planes. Group A is further divided into two subclasses that rep-
resent the high and low states of the sources in VHE y-ray band.
One VHE y-ray dataset is formed based on group B. Two VHE
y-ray datasets are constructed based on the two subclasses of
group A. Furthermore, two additional datasets are formed by
combining single-detected TeV BL Lacs and each subclasses of
multiple detected TeV BL Lacs. In total, there are 10 datasets,
including 5 in lower energy bands and 5 in the VHE y-ray band.
These 10 datasets form 35 pairs.

We used the non-parametric partial Kendall 7 rank correla-
tion test (Akritas & Siebert 1996) to test for a possible correla-
tion, and the significance of this correlation, between each pair of
datasets, while taking the effect of redshift on each luminosity-
luminosity correlation into account. The null hypothesis proba-
bility was set at pyaue < 1.5 X 1073, which gives the false alarm
probability of 5% with the number of tested correlations in our
sample. Table 1 shows the results of our correlation study. The
first two columns show which datasets are considered as correla-
tion pairs. Columns 3 to 7 show the number of data points, partial
Pearson coefficient, Kendall 7, coefficient, correlation signifi-
cance, and the null hypothesis probability, respectively. Fourteen
pairs of datasets have significant correlations, among these pairs
8 pairs have VHE +y-ray band as the second parameter. The num-
ber of significant correlations (14) clearly exceeds the expected
number from chance only (~1) and from this point on we treat
all of these as genuine correlations. Moreover, to measure the
dispersion of the data with respect to the best-fit line, we calcu-
lated the partial Pearson coefficient (PPC) in logarithmic space
for each luminosity-luminosity correlation (Table 1, Col. 3). The
PPC gives an approximation of the data dispersion with respect
to the best-fit line in logarithmic space. Owing to restrictions,
which are implied from the number of data points together with
the PCC assumptions, we adopted the partial Kendall coefficient
to test the existence of correlation between each pair of datasets.

For the 14 pairs of datasets that show significant correlation,
we used the bi-sectional ordinary least-squares (OLS) regression
method (Isobe et al. 1990) to fit two models: (1) a linear model

4 http://www.astro.ucla.edu/~wright/CosmoCalc.html
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Fig. 1. Luminosity in the VHE y-ray band vs. luminosity in radio (a),
mid-infrared (), optical (c¢), X-ray (d), and y-ray (e) bands in logarith-
mic scale. The different symbols represent the data of different groups
(see text): low state group A (circle), high state group A (triangle) and
group B ( ). The correlation functions of the various groups are
shown with low state group A (blue dashed line), the combined dataset
of high state group A and group B (red line), and the combined dataset
of low state group A and group B (blue line).
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Table 1. Cross band correlations study results.

Table 2. Power law model parameters for significant correlations.

Parameters

Parameters Model parameters’

X Y N PPC' Tbi a* Dvalue” No. X Y a b Npi
Lr LVHE,(H+SD) 47 0.38 0.31 3.03 2.4 % 10_3 C1 LR LVHE,(L+SD) 0.64 +£0.09 17.50+3.77 48
Lr LVHE,(L+SD) 47 0.24 0.32 3.18 1.5 % 1073 (o) L LVHE,(L+SD) 0.73+0.06 11.80+2.65 59
LR LVHE,(H) 21 0.13 0.17 1.04 3.0 x 10_1 Cc3 LO LVHE,(L+SD) 0.83 +0.04 6.94 +1.82 44
Lr Lvuew) 21 037 036 223 26x1072 ca Lo Lvug,) 090+0.05 391+232 31
Lg  Lymesp) 26 012 020 141 1.6x107! ¢s Lo Lvugmsspy 0.72+0.08 1250 +3.65 41
Li  Lyepmsspy 47 025 025 249 13x1072 ¢ Ly Lveewssp) 086+003 4.55+1.58 52
Li  Lyugwsspy 47 0.32 034 331 93x10* c7 L, Lvug,) 092+0.04 1.63+1.69 24
LI LVHE,(H) 21 0.25 0.28 1.74 8.3 % 10—2 Ccg Ly LVHE,(H+SD) 0.77 £ 0.07 9.17 +£3.38 34
Ly Lvug,w) 21 044 043 262 87x107 cog Ly L 0.81 £0.06 10.80 +2.32
Ly LVHE,(SD) 26 0.28 0.27 1.86 6.3 x 1072 €10 Ly Lo 0.85 £ 0.04 9.09 + 1.56
Lo Lyuemsspy 47 056 039 386 12x10™* e Lr L, 0.86+0.04 10.20 + 1.45
Lo Lvueasspy 47 048 046 451 64x 10-6 crn L Lo 0.89 +0.03 5.13+1.37
Lo  Lyggwy 21 047 034 210 3.6x1072 as L L, 0.88+0.04 695+ 158
Lo Lview 21 066 053 329 1.0x107 ciu_ Lo Ly 0.95+0.02 3.55+0.93
Lo Lveeesp) 26 030 024 171 8.8x 10_2 Notes. (V) Power law model parameters, the function is in the form of
Lx  Lveewsspy 47 025 024 232 20x10 Y = 10° x X*. ® Np: Number of times that the correlation produced
Lx Lyugws+spy 47 0.39 028 272 65x107° luminosity value closest to the median of Lypg preq. (s€€ Sect. 4)
Lx Lvug,m) 21 049 042 259 9.7x1073
Lx Lvnea) 21 059 041 255 1.1x1072
Lx LVHE (SD) 26 0.12 0.14 097 33x107! 3.1. Significant correlations
Ly Lvuewmsspy 47 067 046 454 57X 107: We find 14 significant correlations (pygue < 1.5 X 1073; Table 2),
Ly Lveeassp) 47 057050 490 9.5x10 and within these correlations six do not include the VHE y-ray
Ly LVHE,(H) 21 0.47 036 222 2.6 X 1072 band’.
Ly Lview) 21073 062 384 12x107 Radio versus mid-infrared: this correlation is expected as
L, Lymesp 26 048 036 249 13x107 the radio and mid-infrared emission should originate by syn-
Lr L 47 063 048 473 22x%x10°° chrotron radiation from the same population of relativistic elec-
Lr Lo 47 073 054 525 15x%1077 trons. However, to our knowledge this is the first confirmation of
Lr Lx 47 -0.03 0.08 081 42x%10"! this correlation in the literature.
Ly L, 47 074 055 544 54x1078 Radio versus optical: this correlation is another confirma-
L Lo 47 074 057 559 22x%1078 tion of the similarity of the emission regions at these two wave-
L Lx 47 020 019 190 58x102 lengths. Lindfors et al. (2016) estimated that 10-50% of the opti-
L I 47 071 057 555 29x10-% cal emi.ssion.of.TeV BL Lacs originates from the same region as
Lo Ly 47 019 020 198 47%102 the radio emission. However, their sample only contained north-
I LX 47 0.86 0'72 7'01 2'3 % 10712 ern sky TeV BL Lacs (32 objects), here we establish the same
LO L7 47 0' 10 0' 20 1' 91 5‘ 6 x 10-2 correlation for a larger sample.

X y . . . .

Notes. ¥ Partial Pearson coefficient. ® Partial Kendall coefficient.
™) Correlation significant based on ;. ® Null hypothesis probability.

(Y = aX + b) and (2) a power-law model (Y = 10 x X¢). The
latter was made by fitting a linear model in log-log space. The
sum of squared residuals (SSD) was used to judge which of these
two models can describe the correlation better. The error bars
of the model parameters were calculated applying a standard
bootstrapping method (Efron & Tibshirani 1993). We checked
the model dependency on outliers by comparing the calculated
error bars from the bootstrapping method with those from the
Jackknife method (Efron & Stein 1981). All the significant cor-
relations can be described better with the power-law model and
are independent of outlier data points. Table 2 shows the best-
fit model parameters for all the significant correlations together
with the number of times (V) that the correlations produced
luminosity values closest to the median of the VHE vy-ray pre-
dicted luminosity level (see Sect. 4). The significant correlations
are also illustrated in Fig. 1.

Radio versus vy-ray: as discussed, for example in
Nemmen et al. (2012), radio to vy-ray correlation simply
reflects the connection between the kinetic power of the jet and
the energy dissipation, and this correlation is therefore expected.
A correlation between these two bands has also been found
in (e.g. Kovalev etal. 2009; Nieppola etal. 2011) for larger
samples of blazars.

Mid-infrared versus optical: as the two bands are rather close
in energy, a correlation between these two bands is expected
when the host galaxy flux is correctly subtracted from the op-
tical data because the host galaxy dilutes the optical band much
more; this is correlation is found this work.

Mid-infrared versus y-ray: Massaro & D’Abrusco (2016)
found a strong connection between the fluxes and spectral prop-
erties between these two bands considering a large sample of
Fermi—LAT blazars. Therefore, it is not surprising that we find
this correlation in our study as well.

Optical versus y-ray: this correlation was also found for a
larger sample of blazars in (Hovatta et al. 2014). It is expected
as the optical photons serve as seed photons for IC emission in

> Lower energy bands correlations are listed in the lower part of
Table 2.
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the y-ray band, but also because the optical and y-ray emission
are produced by the same electrons.

Radio versus VHE] .sp: this correlation was not seen in the
earlier work (Wagner 2008), probably because of a significantly
smaller sample size. The correlation is rather natural extension
to observed radio versus y-ray correlation.

Mid-infrared versus VHE .sp: similar to the radio versus
VHE;, ,sp correlation, this correlation is also a rather natural
extension to the observed mid-infrared versus y-ray correla-
tion. The found correlation is in agreement with Massaro et al.
(2013a) using mid-infrared to select new TeV blazar candidates.

Optical versus VHEL/L+SD/H+SD: the MAGIC Collaboration
has been successfully using optical monitoring data to trigger
VHE y-ray observations (e.g. Ahnen et al. 2016; Aleksi¢ et al.
2015c, 2012, and references therein) and therefore the connec-
tion between the two wavebands in not unexpected. However,
in previous similar works (e.g. Costamante & Ghisellini 2002;
Wagner 2008) this correlation was not significant. Comparing
their datasets to work presented here, we note that in previous
works the host galaxy fluxes were not subtracted from optical
fluxes and this possibly led to non-significant correlation in these
studies.

v-ray versus VHE} ,sp/u+sp: it was expected that the number
of significant correlations between y-ray and VHE y-ray would
be higher than the other bands because the bands are close in en-
ergy and the spectra in the two bands typically connect smoothly.
However, the VHE y-ray single-detected dataset does not show
any significant correlation to y-ray. This can be due to the non-
simultaneous data in the two bands because the single-detected
VHE vy-ray data are mostly from the flaring state, while our y-
ray dataset is a long-term average, which does not reflect the
flaring activity. Additionally, the number of data points could
also be too small because the combined datasets show signifi-
cant correlations.

y-ray versus VHEp: the long-term average y-ray dataset
mostly represents the quiescent state of sources, which is also
present in the VHE] datasets.

3.2. Non-significant correlations

Out of 35 correlations tested, 21 were not significant. Two par-
ticular cases call for a closer look:

— X-ray versus VHE vy-ray correlations: we did not find any
significant correlations between X-ray and VHE y-ray bands,
which is rather surprising in light of the previous studies.
In previous works, a correlation between the two bands has
been seen (Wagner 2008). There are well-known correla-
tions between these two bands for single sources during their
flaring activity (e.g. Acciari et al. 2011) and low states (e.g.
Aleksic et al. 2015b). However, in our case the data in these
two bands, where the BL Lac sources typically show the
largest amplitude of variability, are non-simultaneous. The
correlations containing the VHE;, fluxes have p-values only
marginally below the set p-value, which is probably due to
X-ray sample representing the low state rather than the high
state, but not consisting only of low state fluxes.

— vy-ray versus VHEy correlation: no significant correlation
was detected between y-ray versus VHEy datasets. In most
of our sources the second peak of the SED is located in
the 10—100 [GeV] band, i.e. the y-ray band is located below
the ypreak While VHE band y-ray located above ypreak. Typi-
cally, the variability has larger amplitude above Yypeax, SO in
our case at the VHE +y-ray band. Therefore the result is not
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totally surprising, in particular as our VHEy dataset contains
the highest ever detected VHE vy-ray fluxes while the y-ray
dataset is averaged. This can also be distinguished visually
from Fig. 1.

4. TeV BL Lac candidates

Based on the significant correlations found in the TeV sam-
ple we formed eight prediction functions, l0g(LvHE pred.) = b +
alog(Lr/jo/x/y)- These functions were then applied to the lower
energy band luminosities of non-TeV BL Lacs to predict the
level of VHE y-ray luminosity over 200 GeV including its 1o er-
ror bar. In the optical, we subtracted the host galaxy contribution
assuming again Mg = —22.8 and r. = 10 kpc prior to apply-
ing the optical-VHE correlation. Depending on the availability
of the low energy data, at least seven levels of VHE y-ray lu-
minosity are calculated for each non-TeV BL Lac. The median
of LvHg prea. for €ach source is considered as the predicted level
of VHE +y-ray luminosity. The multi-wavelength fluxes together
with minimum, median and maximum of S vHg pred. are presented
in Table A.2 for non-TeV sample. Moreover, the last column in-
dicates which correlations, listed in Table 2, produced the clos-
est value to the median of S vHE pred.. The correlation between L;
and VHE] ,sp (c;) produced the closest value to the median of
S VHE,pred.» Which is more than the other correlations. However,
the two correlations that most frequently produce the median
flux S vHE pred. are ¢s and ¢ (Lo versus Lvyg,m+sp) and L, versus
Lvug,w+sp))- It is also clear that all the correlations are used to
calculate the median flux S vHg preq. multiple times and therefore
none of the correlations can be excluded from the study.

We compared these predicted fluxes with the sensitivity
of current generation of IACTs, using the low zenith dis-
tance integral sensitivity above 200 GeV of MAGIC telescopes®
(Aleksic et al. 2016). This shows that 53 non-TeV BL Lacs in
our sample are expected to be detectable with the current gen-
eration of IACTs. Hereafter, we labelled these 53 sources TeV
BL Lac candidates. To give a “short-list” of the best candidates,
we also list in Table A.2 the nine most promising TeV candi-
dates (see below); a complete table of the non-TeV BL Lacs is
available at the CDS.

Considering only the minimum predicted luminosity, six of
our candidates should be detectable within 12 h of observations
and three should be detectable within 12-25 h; we call these
nine objects the most promising candidates (see above). A fur-
ther four sources should be detectable within 25-50 h. In total
27 candidates have their minimum predicted fluxes above the
faintest VHE +y-ray flux detected by current IACTs (the lowest
state of 1ES 0229+200; Cologna et al. 2015).

In Fig. 2, we compare our candidate sample to sub-samples
of known VHE y-ray emitting BL Lacs: the redshift distributions
of previously known TeV BL Lacs, the non-TeV BL Lac sample
studied here, and our 53 candidates (Fig. 2, upper panel). This
comparison shows that redshift distribution of the candidates is
similar to the distribution of the known BL Lacs. One should
note that the EBL absorption was not taken into account for the
predicted level of VHE y-ray emission. However, the best candi-
dates are at low redshift and therefore the affect of EBL absorp-
tion is negligible. The lower panel of Fig. 2 shows the distribu-
tion of predicted VHE y-ray fluxes (>200 GeV) of non-TeV BL
Lacs together with different categories and subclasses of known

® The MAGIC sensitivity is obtained from 50 h observation of Crab
Nebula as VHE y-ray standard candle. Therefore, it depends on the ob-
served spectrum of Crab Nebula.
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Fig. 2. Upper panel: redshift distribution of TeV BL Lacs, TeV Candi-
dates, and non-TeV BL Lacs. Lower panel: predicted VHE y-ray fluxes
of non-TeV BL Lacs compared to three different sub-samples of known
VHE emitting BL Lacs: single-detected sources (SD), high VHE flux
state (H), and low VHE flux state (L).

TeV BL Lacs. The brightest non-TeV BL Lacs occupy the region
of known VHE emiitters in their low state, making them potential
targets for current IACTs.

The VERITAS telescope observed nine objects that are in
our non-TeV candidate sample (Archambault et al. 2016). Four
of these are in our most promising candidate list. The VERI-
TAS observations resulted only in upper limits and these up-
per limits are well above the minimum of S vyg prea.. Compar-
ing to median S vHE pred., We found three targets, TXS 0210+515,
PKS 0829+046, and OJ 287, for which the reported flux upper
limits were below our prediction. This is partly due to the scatter
in our predictions derived from different correlations and partly
due to the difficulty in comparing the two results because of the
lack of spectral information in Archambault et al. (2016), which
leads to differences in the energy threshold between the two stud-
ies.

Since we originally formed our TeV sample, five more
BL Lacs have been discovered in the VHE vy rays. Firstly,
1ES 2037+521 was recently detected by MAGIC telescopes
(Mirzoyan 2016a). For this source, we calculated the median
of predicted VHE +-ray integral flux above 200 GeV to be

(1.17 + 0.53) x 107! [Ph/cm?/s]. The reported flux was 6 x
107'2 [Ph/cm?/s], which is in a good agreement of our predicted
value (~72% probability of being the same). Moreover, four
other objects, OJ 287, OT 081, S2 0109+22, and S4 0954+65
in the non-TeV sample were recently detected at VHE y-rays
during their high state (Mukherjee & VERITAS Collaboration
2017; Mirzoyan 2016b, 2015b,a). OJ 287 and S2 0109+22 are
within the candidate list. The median predicted level of VHE v-
ray for OT 081 and S4 0954+65 are well above faintest VHE
vy-ray flux and a bit lower than the sensitivity of current genera-
tion of IACTs. However, because of the lack of information we
were not able to compare the observed flux with the predicted
levels.

5. Discussion and conclusions

This paper presents the most extensive multi-wavelength data
collection of TeV BL Lacs. We also present the first extensive
correlation study between the low energy bands and the VHE -
ray band using this extensive sample. We studied 35 correlations
and found 8 significant (p < 1.5 x 107?) correlations that include
the VHE y-ray band as the second component. Using these cor-
relations we calculated the VHE +y-ray flux for 182 non-TeV BL
Lacs. Finally, by sorting the non-TeV BL Lacs according to their
predicted VHE y-ray flux, we introduce a sample of promising
TeV BL Lacs candidates.

Costamante & Ghisellini (2002) introduced 33 BL Lac can-
didates based on the similarity to the 5 known TeV BL Lacs
in the radio and X-ray properties. They applied two different
SSC models (Ghisellini et al. 2002; Fossati et al. 1998) to calcu-
late the level of TeV emission. Arsioli et al. (2015), Chang et al.
(2017) (hereafter, IWHSP and 2WHSP) introduced 76 and
136 promising high synchrotron peak (HSP) blazars by apply-
ing the figure of merit (FOM) criterion, which is defined as
the ratio between the synchrotron peak flux (vpeakFy,.,) of a
source and the faintest TeV blazars. These sources were se-
lected from a list of 992 and 1691 infrared colour-colour se-
lected sources restricted by IR-radio and IR-X-ray flux ratios.
Padovani & Giommi (2015) applied a broadband SED Monte
Carlo simulation method on the IWHSP sample (Arsioli et al.
2015) to select TeV BL Lac candidates. These authors as-
sumed the synchrotron peak flux scales with the VHE flux.
Applying typical sensitivity reachable by IACTs ~14 mCrab.,
Vpeak > 10'° [Hz], and EBL absorption (Dominguez et al. 2011),
Padovani & Giommi (2015) proposed 70 objects as TeV candi-
dates. There are 28 HSP in our candidate list of which 10 are
also introduced as good candidates (FOM > 1) in IWHSP and
2WHSP. This difference in the number of good candidates is due
to selection bias near the boundaries in IWHSP and 2WHSP.
For example, 1ES 2037+521, 4C+42.22, and 1ES 0120+340 are
HBLs based on their broadband SEDs. But their synchrotron
peak frequency is affected by the contribution of host galaxy in
the optical band and therefore were not included in the 1WHSP
and 2WHSP. D’ Abrusco et al. (2014) presented radio-loud can-
didates y-ray emitting blazars based on the measure of the radio-
to-IR flux (¢22 < —0.5). In our non-TeV sample, 76 objects have
q22 < —0.5 while 21 of them are present in our candidate list.
Massaro et al. (2013a) selected HBLs for future TeV observa-
tions (i.e. TBCs) based on the similarity of IR and X-ray prop-
erties to the known TeV BL Lacs. The non-TeV sample shares
17 objects with TBCs sample of which 10 are present in the
candidate list. Finally, Massaro et al. (2011) introduced 15 TeV
BL Lacs candidates based on the similarity of curvature of their
X-ray spectra to the TeV detected BL Lacs. There are 7 objects
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from this list in our non-TeV sample of which 4 are in our can-
didate list.

In comparison to the above-mentioned methods, our empiri-
cal prediction method does not include major physical assump-
tions (e.g. location of synchrotron peak, lower energy bands
brightness, and spectral properties in X-rays and/or y-rays). Our
method takes into account all of the important wavelengths
for prediction and is not restricted to one specific wavelength.
Therefore, we were able to introduce 21 BL Lac objects that
were not proposed by any of the above-mentioned works. More-
over, the predicted VHE y-ray flux are comparable with observa-
tions (5 confirmed VHE y-ray detection) as discussed in Sect. 4.
Furthermore, the variability of the sources in VHE y-ray band
is taken into account using five different datasets in VHE +y-ray
band. However, the simplistic method has known caveats:

— The lower energy data are not simultaneous to the VHE
y-ray. While we try to minimize the effect of this by consid-
ering different states of the VHE y-ray emission, this does af-
fect our correlation study, as discussed in detail in Sects. 3.1
and 3.2.

— Spectral indices in X-ray and y-ray are not taken into ac-
count. Therefore, we might overestimate the VHE y-ray flux
for the sources with soft y-ray and X-ray spectra.

— The BL Lacs with unknown redshift are excluded from the
non-TeV sample. Those with known redshift are likely to be
at lower average redshift than those without redshift. There-
fore, our search for TeV candidate is restricted to the rela-
tively nearby BL Lacs.

— VHE v-ray fluxes of TeV sample are not corrected for the
EBL absorption. The EBL corrected fluxes were not avail-
able in all publications and the EBL corrected fluxes reported
in the literature had been corrected using a variety of EBL
models, some of which were significantly outdated. While
this is clearly incorrect physically and our VHE y-ray sample
extends up to redshift of ~0.6, where the affect of the EBL
absorption cannot be neglected, this was the only viable way
to not to exclude a large number of sources from the study
owing to missing information. As the majority of the sources
are located at z < 0.3, where the affect of the EBL absorp-
tion on the integral flux above 200 GeV is relatively small,
we expect that this does not bias our results significantly.

The method could be checked with the current generation of
IACTs as we have discovered there are many candidates with
the predicted VHE vy-ray flux level well above the IACTs sen-
sitivity. It is notable that for the most promising candidates we
assumed the minimum predicted VHE +y-ray level, which is the
worst case assumption. Therefore the candidates should be de-
tectable by the current generation of IACTSs even in the low state.
There are VHE +y-ray observations for a handful of our candidate
VHE y-ray sources. Within the 20 best candidates from our lists,
there are upper limits reported by VERITAS only for 5 sources
(Archambault et al. 2016), which in all cases are above the fluxes
we predicted. One of our candidate sources was recently de-
tected by MAGIC (Mirzoyan 2016a).

Follow-up observations are of interest for two main reasons.
If the candidate sources are not detected with the current genera-
tion of IACTs even if deep observations are performed, it might
indicate that TeV BL Lacs are a special class of BL Lacs ob-
jects. On the other hand, even if the population of TeV BL Lacs
is finally large enough to perform a population study such as
this work, it is still small enough for each new source to shed
new light on the population and also to make prediction meth-
ods more accurate. Following up on these sources, which are
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most similar to known TeV BL Lacs, will also help to make
the BL Lac sample more uniform. Finally, our weaker candi-
dates provide a list that could be observed with next generation
of IACTs, such as the Cherenkov Telescope Array’.
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