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Abstract

Active galactic nuclei with their relativistic jets pointed toward the observer are a class of luminous gamma-ray
sources commonly known as blazars. The study of this source class is essential to unveil the physical processes
powering these extreme jets, to understand their cosmic evolution, as well as to indirectly probe the extragalactic
background light. To do so, however, one needs to correctly classify and measure a redshift for a large sample of
these sources. The Third Fermi–LAT Catalog of High-Energy Sources (3FHL) contains 1212 blazars detected at
energies greater than 10 GeV. However, ∼25% of these sources are unclassified and ∼56% lack redshift
information. To increase the optical completeness of blazars in the 3FHL catalog, we devised an optical
spectroscopic follow-up campaign using 4 m and 8 m telescopes. In this paper, we present the results of the last
part of this campaign, where we observed 5 blazars using the 8 m Gemini-S telescope in Chile. We report all the 5
sources to be classified as BL Lacs, a redshift lower limit for 2 sources, and featureless spectra for the remaining 3
sources. We also performed a one-zone leptonic fit to the two sources with the redshift lower limits.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Relativistic jets (1390); Active galaxies (17);
High energy astrophysics (739); Blazars (164); Quasars (1319)

1. Introduction

Blazars are a peculiar class of active galactic nuclei (AGNs)
that dominate the observable γ-ray Universe (Abdo et al. 2010;
Nolan et al. 2012; Acero et al. 2015; Abdollahi et al. 2022).
Their emission is a byproduct of nonthermal plasma traveling
relativistically toward the observer along the jet magnetic field
lines. The acceleration of charged particles in the presence of a
magnetic field generates synchrotron emission, observed as a
bump from infrared to X-rays in the spectral energy distribution
(SED) of the blazars. When the low-energy photons in the
medium are upscattered via inverse Compton process by the
same particles, it leads to a second bump (from X-rays to γ-
rays) in their SED. Furthermore, the jet peculiar orientation
causes order-of-magnitude flux amplification, which enables us
to detect them at very high redshifts. Therefore, blazars are
extremely valuable sources to understand the physics of AGN
jets and their evolution through cosmic time.

Of particular importance are the blazars detected at the
highest γ-ray energies, E> 10 GeV. In fact these sources are
some of the most powerful accelerators in the universe, being
able to accelerate electrons to beyond 100 TeV (e.g.,
Costamante et al. 2001; Tavecchio et al. 2011). Therefore,
innovative scientific results can be obtained by studying these
extreme blazars, provided their redshift (z) is known. In primis,
these sources can help us understand jet emission processes
(e.g., Ghisellini et al. 2017) or the cosmological evolution of
the class (Ajello et al. 2012, 2014). Furthermore, they are
significant in a cosmological context, as they can be used to

indirectly probethe extragalactic background light (EBL), i.e.,
all the radiation emitted by stars and galaxies and reprocessed
radiation from interstellar dust (Ackermann et al. 2012;
Domínguez et al. 2013; Fermi-LAT Collaboration et al.
2018; Desai et al. 2019). Finally, these sources will enable us
to provide a map of targets for the upcoming Cherenkov
Telescope Array (e.g., Goldoni et al. 2021), and discovering
possible candidate neutrino emitters (IceCube Collaboration
et al. 2018).
The Third Fermi–LAT Catalog of High-Energy Sources

(3FHL; Ajello et al. 2017) is the latest catalog of sources
emitting photons of E> 10 GeV detected by the Large Area
Telescope aboard the Fermi Gamma-ray Space Telescope
(Atwood et al. 2009). It encompasses seven years of
observations and contains more than 1500 sources, the vast
majority of which (78%) are blazars (Ajello et al. 2017). Out of
these 1212 blazars, only 44% have a redshift measurement
(Ajello et al. 2017; Collaboration 2018). To overcome this
limitation, extensive optical spectroscopic campaigns, targeting
those 3FHL objects still lacking redshift and classification,
must be performed.
Besides being used for redshift determination, optical

spectroscopy campaigns of blazars (e.g., Massaro et al. 2016;
Peña-Herazo et al. 2019; de Menezes et al. 2020; Peña-Herazo
et al. 2021) are also essential to distinguish between blazar
subclasses. The standard division between the classes occurs
based on the line equivalent width (EW) in the optical
spectrum, where flat spectrum radio quasars (FSRQ) have
EW> 5Å while BL Lacertae objects (BL Lac) show EW< 5 Å
(Urry & Padovani 1995; Ghisellini et al. 2017). The emission
lines in the BL Lac spectra are weak or absent and the lines in
FSRQs are extremely prominent. FSRQs are generally high
redshift objects with average luminosity larger than that of BL
Lacs (Padovani 1992; Paiano et al. 2017). In the 3FHL (Ajello
et al. 2017), 14% of blazars are of the FSRQ type and 62% are
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of the BL Lac type. The blazar sources not classified as FSRQ
or BL Lac are listed as blazar candidates of uncertain type
(BCU), and constitute ≈25% of the reported blazar sample.
Obtaining a spectroscopically complete classification of the
blazars observed by Fermi–LAT in the γ-ray regime is essential
to validate claims of different cosmological evolution of the
two classes (Ajello et al. 2012, 2014). The ground-based
telescopes used in spectroscopic campaigns are generally of the
4 m, 8 m, and 10 m class type. While the 10 m and 8 m class
telescopes are shown to be significantly more effective in
obtaining redshift measurements for blazars (60%–80% versus
25%–40% success rate; see, e.g., Paiano et al. 2017; Marchesi
et al. 2018), even 4 m class telescopes have proven to be useful
for effectively distinguishing between the two different blazar
subclasses (see Shaw et al. 2013; Massaro et al. 2014; Paggi
et al. 2014; Landoni et al. 2015; Ricci et al. 2015; Álvarez
Crespo et al. 2016a, 2016b; Marchesini et al. 2016; Rajagopal
et al. 2021). This work is part of a larger spectroscopic follow-
up campaign started in 2017 to classify the BCUs in the 3FHL
catalog and measure their redshift. This effort has been divided
in a combination of BCU classification based on machine-
learning algorithms (Kaur et al. 2019; Silver et al. 2020; Joffre
et al. 2022), as well as optical spectroscopic classification and
redshift identification using 4m and 8m facilities (Marchesi
et al. 2018; Desai et al. 2019; Rajagopal et al. 2021). The major
results of this campaign are summarized in Table 1.

As part of this campaign, in 2019 we carried out a Gemini
program6 to increase the spectroscopic completeness of the
3FHL catalog. The observations were partially fulfilled
between 2019 February 6 and 2019 June 4 and 5 targets were
observed. The results of this latest effort are presented in this
paper which is organized as follows: Section 2 reports the
criteria used for our sample selection, Section 3 describes the
methodology used for the source observation and spectral
extraction procedures, Section 4 lists the results of this work,
both, for each individual source and also in general terms,
while Section 5 reports the SED modeling performed on two of
the sources (with lower limits on z). Section 6 reports the
conclusions inferred from this spectroscopic campaign.

2. Sample Selection

We selected the five objects in our sample among the BCUs
in the 3FHL catalog, using the following criteria:

1. The 3FHL source should be bright in the hard γ-ray
spectral regime ( f50–150 GeV> 10−12 erg s−1 cm−2). This
selection criteria ensures that the completeness of the
3FHL catalog evolves to lower fluxes as more optical
observations are performed.

2. The target should be observable from Cerro Pachón with
an altitude above the horizon δ> 40 ° (i.e., with airmass
<1.5): this corresponds to a decl. range −80° <
decl.< 20°. Furthermore, as we were granted observing
time in October, we select targets that could be
observable during this month (i.e., it should have R.A. �
09h0m00s and R.A. � 0h30m00s).

3. The target should not have any optical spectrum or
classification already reported by works focusing on
complementary catalogs (e.g., the 3FGL or the 4FGL;
Massaro et al. 2016; Peña-Herazo et al. 2019; de Menezes

et al. 2020; Peña-Herazo et al. 2021, and references
therein).

The sources used in our sample and their properties are listed
in Table 2.

3. Observations and Data Analysis

All the sources in our sample were observed as part of a joint
Fermi-Gemini program (see footnote 1) using the 8.1 m
Gemini-South telescope located in Chile between 2019
February 6 and 2019 June 4. The spectra were obtained using
the Gemini Multi-Object Spectrographs7 in the long-slit mode
with the B600−G5323 grating (resolution, R∼ 1700) and a slit
width of 1.0 arcsec in the wavelength range 3500Å−7000Å.
All spectra reported here were obtained by combining at

least three individual observations of the source with varying
exposure times. This allowed us to reduce both instrumental
effects and cosmic-ray contribution. The data reduction was
done following a standard procedure: the final spectra were all
bias subtracted, flat normalized, and corrected for bad pixels.
The flat-field normalization is necessary to remove wavelength-
dependent fluctuations that could affect the flat-field source
spectrum. After every observation of a source, we obtained a
CuAr lamp spectrum to perform the wavelength calibration.
This enables us to avoid potential shifts in the pixel-λ
calibration induced by the telescope motion during the night.
Finally, all spectra were flux calibrated using a spectroscopic
standard, which were observed using the same 1 0 slit used in
the rest of the analysis. This data reduction and spectral
extraction was done by using IRAF (PyRAF and Gemini
IRAF, v1.14).

4. Spectral Analysis

Table 2 contains the results from the spectral analysis
(redshift and classification) of all analyzed sources, and the
corresponding spectra are shown in Figure 1. The continuum is
taken to be a power law unless the optical shape is more
complex, in which case the preferred fit is described in
Section 4.1. To make the absorption/emission features more
apparent, we also show the normalized spectra of our sources
obtained by dividing the flux-calibrated spectrum by the power-
law fit of the continuum. The S/N of the normalized spectrum
is then measured in a minimum of five individual featureless
regions in the spectrum with a width of Δλ≈ 40 Å.
To find a redshift measurement, each spectrum was visually

inspected for any absorption or emission feature. Any potential
feature that matched known atmospheric lines8 was not taken
into consideration. To test the reliability of any potential
feature, its existence was verified in each of the individual
spectral files used to obtain the final combined spectrum shown
in Figure 1.
Details for the sources are given in Section 4.1. The features

described are also listed in Table 2 with the derived redshift
measurement.

6 Fermi-Gemini proposal approved Program ID: GS-2019A-Q-213, PI: Dr.
Stefano Marchesi.

7 Acquired through the Gemini Observatory Archive at NSFʼs NOIRLab* and
processed using the Gemini IRAF package.
8 https://www2.keck.hawaii.edu/inst/common/makeewww/Atmosphere/
atmabs.txt
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Table 1
Summary of the Optical Spectroscopic Campaign to Classify the BCUs in the 3FHL

3FHL (Ajello
et al. 2017) Kaur et al. (2019) Marchesi et al. (2018) Desai et al. (2019) Silver et al. (2020) Rajagopal et al. (2021)

Joffre et al. 2022, in
preparation This Work

Tot # w. z Tot # w. z Tot # w. z Tot # w. z Tot # w. z Tot # w. z Tot # wo z Tot # wo z

Blazars 1212 536 1212 536 1212 543 (+7) 1212 551 (+8) 1212 551 1212 567 (+16) 1212 567 1212 569 (+2)

FSRQs 172 163 172 163 173 (+1) 164 (+1) 173 164 173 164 176 (+3) 166 (+2) 176 166 176 166
BL Lacs 750 344 786 (+36) 344 813 (+27) 350 (+7) 836 (+23) 358 (+8) 851 (+15) 358 876 (+25) 508 (+14) 896 (+20) 372 901 (+5) 374 (+2)
BCU 290 29 254 (−36) 29 226 (−28) 29 203 (−23) 175 188 (−15) 29 160 (−25) 132 140 (−20) 29 135 (−5) 29
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Table 2
Table of Observed Sources and their Spectral Properties

3FHL Name Counterpart R.A. Decl. Obs Date Exposure S/N Spectral Line Observed λ Line type Redshift Classification
(hh:mm:ss) (hh:mm:ss) (seconds) Rest Frame λ (Å) (Å)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

3FHL J0739.7−6720 1RXS J073928.1−672147 07:39:27.39 −67:21:36.4 24 Mar 2019 6366 80.16 L L L L BL Lac
3FHL J1016.2−4245 1RXS J101620.6−424733 10:16:20.76 −42:47:23.1 17 Mar 2019 3228 106.89 L L L L BL Lac
3FHL J1033.4−5033 2MASS J10333216−5035287 10:33:32.11 −50:35:27.1 06 Feb 2019 2836 157.60 4304 (G band) 4790 Absorption

5175 (Mg I) 5780 Absorption >0.11 BL Lac
3FHL J1034.8−4645 1RXS J103438.7−464412 10:34:38.49 −46:44:03.5 24 Feb 2019 4032 56.87 3934 (Ca II) 5443.2 Absorption

3969 (Ca II) 5486.3 Absorption
4304 (G band) 5939.5 Absorption
4861 (H −β) 6726.7 Absorption >0.38 BL Lac

3FHL J1047.9−3738 2WHSP J104756.8−373730 10:47:56.94 −37:37:30.8 06 Feb 2019 4032 121.45 L L L L BL Lac

Note. Column (1)–(2): 3FHL name (Ajello et al. 2017) and associated counterpart (from radio/IR/optical/X-ray/radio surveys). Columns (3)–(4): R.A. (R.A., J2000) and decl. (decl., J2000). Column (5): observation
date. Column (6): exposure time (in seconds). Column (7): spectral signal to noise (S/N). Column (8): rest-frame wavelength of the observed line. Column (9): observed wavelength of the same line. Column (10): line
type (emission or absorption). Column (11): obtained redshift. Column (12): final source classification.
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4.1. Comments on Individual Sources

3FHL J0739.7−6720: this BCU is associated with the X-ray
source 1RXS J073928.1−672147. No features are identified in
the optical spectrum of the source, enabling us to classify it as a
BL Lac object.

3FHL J1016.2−4245: this BCU is associated with the X-ray
source 1RXS J101620.6−424733. The optical spectrum of this

source was found to be featureless. This source is classified as a
BL Lac object.
3FHL J1033.4−5033: this BCU is associated with the

optical source 2MASS J10333216−5035287. In the optical
spectrum of this source, the Na ISM line at 5890Å and another
atmospheric feature at 6283Å are clearly visible. We were also
able to identify Ca II (H & K lines) at 3934Å, and 3969Å,
respectively. This doublet is associated with the intervening

Figure 1. Top panels: flux calibrated and de-reddened optical spectra of all our observed candidates. Bottom panels: normalized spectra. The absorption and/or
emission features are labeled with the line element they represent. The ⊗ denotes the atmospheric features.
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medium since we observe them at rest wavelengths. Further-
more, we observe two absorption features at 5780Å and
4790Å, which can be attributed to Mg I and G band,
respectively. This yields a redshift lower limit of z> 0.11
and a BL Lac classification of the source.

3FHL J1034.8−4645: this BCU, associated with the source
1RXS J103438.7−464412, exhibited multiple absorption
features in its optical spectrum: Ca II (H & K) lines at
5443.2Å and 5486.3Å, G band at 5939.5Å, and H-β at
6726Å. These features result in a redshift lower limit of
z> 0.38 and a BL Lac classification of the source.

3FHL J1047.9−3738: this BCU is associated with the source
2WHSP J104756.8−373730. We observe a featureless optical
spectrum for this source, thus, making it a BL Lac object.

5. SED Modeling

We adopt a one-zone leptonic emission model to fit the SED
of the two targets for which we could derive redshift
constraints: 3FHL J1033.4−5033 (z> 0.11) and 3FHL
J1034.8−4645 (z> 0.38). The details of the full model can
be found in Ghisellini & Tavecchio (2009). In the following,
we provide few important guidelines.

We assume that the entire SED is produced by a spherical
region, located at Rdiss from the central supermassive black
hole, and that the particles responsible for the emission are
relativistic electrons. On the other hand, protons are assumed to
be cold, hence not radiating, and only contributing to the
kinetic energy of the jet. Number densities of protons and
electrons are assumed equal (see Celotti & Ghisellini 2008) and
contribution of pairs is not included in the model. The electrons
are distributed according to a broken power law:

( ) ( )
( ) ( )

( )g
g

g g g g
µ

+

-
N . 1

p

p q
break

break break

In the above, p and q are, respectively, the slopes before and
after the energy break (γbreak). The entire region moves along the
jet with a bulk Lorentz factor Γ and is encompassed by a uniform
magnetic field (B). The relativistic electrons are accelerated by the
magnetic field and radiate via synchrotron process. This results in
the nonthermal low-frequency SED peak which extends from
radio up to optical/X-rays. Further, if low-energy photons
surrounds the emission region, these particles can undergo inverse
Compton emission. When the photon field is the same produced
by the synchrotron radiation, we refer to it as synchrotron self
Compton (SSC); when it is external to the jet (e.g., accretion disk,
BLR, torus) we refer to it as external Compton (EC).

The thermal components considered inthe model are the
accretion disk, the BLR and the torus. The accretion disk is
modeled via a standard Shakura-Sunyaev disk (Shakura &
Sunyaev 1973) and its SED is explained by a multicolor
blackbody (Frank et al. 2002). The BLR and the torus are
modeled as spherical shells located at a distance =RBLR

L1017
disk,45
1 2 cm and =R L10TORUS

18
disk,45
1 2 cm (where Ldisk,45 is

the disk luminosity in units of 1045 erg s−1). They are assumed

to reprocess 10% and 50% of the disk emission, respectively,
and their SED is modeled as a blackbody peaking at the Lyα
frequency and at 300 K (typical torus temperature). The hot
corona of electrons above and below the accretion disk is
modeled as power law with exponential cutoff. It reprocess
30% of the accretion disk radiation and upscatters photons up
to ∼200–500 keV.
The model computes the energy densities of all components,

which depend on the distance of the emission region. The total
jet power is computed as the sum of electron, proton, magnetic,
and radiative power.

5.1. The Multiband Data

Since the multiwavelength data for our sources are scarce, to
construct the SED we considered:

1. At γ-rays: data from the 3FHL (Ajello et al. 2017) and the
4FGL-DR3 (Abdollahi et al. 2022).

2. At X-rays: both sources have archival Swift-XRT
observations. We analyzed them with the standard
xrtpipeline and extracted their source and back-
ground spectra via xselect. For both, we considered a
20″ circle for the source region and an annulus of 50″ and
100″ inner and outer radius centered on the source
position as the background. The ancillary response files
were created with xrtmkarf and the spectra were
rebinned with grppha considering 10 counts per bin. An
absorbed power-law model (tbabs∗po) with absorption
fixed to its Galactic value (Kalberla et al. 2005) was then
used in XSPEC to fit the X-ray spectra and extract the
X-ray photon index and flux. Table 3 lists the derived
X-ray spectral parameters.

3. At UV: as Swift-UVOT observe contemporaneously with
XRT, we checked if the sources were detected by any of
the UVOT filters using the uvotdetect task. Only
3FHL 1034.8–4645 was detected by the uvw1 filter (see
Table 3).

4. Archival observation (obtained using the SED Builder9)
allowed us to collect further multiband data and complete
the SED from radio up to γ-rays.

5.2. Constraints to the Model

Both our sources show no evidence of emission lines in their
optical spectra (see Figure 1 and Section 4). Therefore they are
canonically classifiable as BL Lacs. The SED of such blazars is
usually explained by the SSC scenario, possibly owing to a
low-power accretion disk that is not capable of providing
substantial radiation for the EC (see Giommi et al. 2002;
Padovani et al. 2002 for an alternative view). The sources peak
positions, their redshifts, and derived γ-ray and X-ray
luminosities also point to a low-power jet, resembling BL

Table 3
Table of Swift Observations and Derived Spectral Parameters

Obs. ID Obs. Date obs length NH Γ0.3−10 keV Fluxunabs,0.3–10 keV Fluxuw1
(ks) (cm−2) (erg cm−1 s−1) (erg cm−1 s−1)

3FHL J1033.4 5033 00041356001 29 Sep 2010 3.90 1.70 × 1021 2.08 ± 0.55 ´-
+ -1.85 100.19

0.44 12 L
3FHL J1034.8 4645 00046768001 13 Jan 2012 1.75 1.35 × 1021 1.95 ± 0.61 ´-

+ -3.87 100.65
0.91 12 (1.46 ± 0.08) × 10−12

9 https://tools.ssdc.asi.it/SED/
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Lacs sources. We therefore test only a model with synchrotron
and SSC emission processes.

As their optical spectra are featureless, constraints on the
disk luminosities and black hole masses are hard to obtain.
Therefore, we rely on empirical relations (Ghisellini et al. 2012;
Sbarrato et al. 2012) between the γ-ray and BLR luminosity:

~ gL L4BLR
0.93. For 3FHL J1033.4−5033, assuming the lower

limit of z> 0.11 as our fiducial redshift, Lγ∼ 8× 1043 erg s−1,
hence LBLR∼ 2.7× 1041 erg s−1; for 3FHL J1034.8−4645
(z> 0.38), Lγ∼ 3× 1044 erg s−1, hence LBLR∼ 9× 1041 erg
s−1. Under the assumption that the BLR reprocesses 10% of the
disk emission, this implies Ldisk∼ 2× 1042 erg s−1 and
Ldisk∼ 9× 1042 erg s−1, respectively. As for the black hole
mass, we employ an average of 〈MBH〉= 108Me.

5.3. Modeling Results

The top panels of Figure 2 show the broadband SED for the
2 targets and Table 4 reports the best-fit parameter values. From

a modeling perspective, both sources resemble typical BL Lac
objects. Their radiative power is dominant with respect to the
kinetic and magnetic ones and the Doppler factors are within
8–11 and the magnetic fields are ∼1.1–2.2 Gauss. The location
region is within the BLR region for 3FHL J1033.4-5033, while
slightly further for 3FHL J1034.8-4645. We note that for both
sources we only have a lower limit on the redshift. None-
theless, these sources are unlikely to be located away in time as
the absorption from the EBL (Fermi-LAT Collaboration et al.
2018) would start appearing in the γ-ray spectrum of these
sources as a sharp attenuation at E> 10 GeV. This is not seen
in either γ-ray spectra.
The good spectral coverage at γ-rays for 3FHL J1033.4-

5033 enables us to constrain the location of the high-energy
peak position, which in turn locks the peak location of the
synchrotron component at ∼8× 1014 Hz. Moreover, the γ-ray
spectrum allows us to put constraints on the shape of the
particle population and on their Lorentz factor distributions

Figure 2. Top panel: SED of 3FHL J1033.4−5033 (z > 0.11, left) and 3FHL J1034.8−4645 (z > 0.38, right). The data points are the multiband data collected for the
sources (from radio up to γ-rays). The lines are the various model components, with the synchrotron emission labeled in pink, the SSC in yellow and the thermal
components in green. The total SED model is shown by the solid blue line. Bottom panel: SED of 3FHL J1034.8-4645 (z > 0.38) with higher black hole mass and
accretion disk luminosity (left); two emission regions (right).
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(gmin and gmax). Owing to the large uncertainties on the X-ray
spectrum, we favor constraints from the γ-rays to fit the SED.
Within the statistical uncertainties it can be seen that the model
explains well the XRT spectrum.

For 3FHL J1034.8-4645 we face the reverse challenge.
While the γ-ray spectra suffers from large uncertainties, the
X-ray spectrum is well constrained. We therefore rely on the
low-energy data to constrain the SED parameters. The X-ray
spectral index is quite flat (ΓX∼ 1.9), sampling the SED close
to the peak of the synchrotron emission, derived to be at
∼2.5× 1017 Hz. The flatness of the X-ray spectrum also

implies a very flat index for the low-energy particle population
(p= 2.4). Interesting for this particular source is the UVOT
data point, which is strictly contemporaneous with the XRT
observation. Blazars are known to be variable sources and
therefore one needs to be cautious while using archival data to
constrain the physical parameters. In this case, the UVOT point
agrees well with the level of emission from archival
observation, and it is a factor of 2 higher in flux than the
X-ray detection. Therefore we tried to use our physical model
to explore two scenarios: (1) the UVOT and archival data are
sampling the disk emission and (2) the UVOT and archival

Table 4
Summary of the Parameters Used/Derived for the One-zone Leptonic SED Modeling of 3FHL J1033.4−5033 and 3FHL J1034.8−4645

Parameter 3FHL J1033.4−5033 3FHL J1034.8−4645

Synchrotron peak frequency [Hz] 8 × 1014 2.5 × 1017

black hole mass (MBH) in log scale [Me] 8 8
Accretion disk luminosity (Ldisk) in log scale [erg s−1] 42.30 42.95
Accretion disk luminosity in Eddington units (Ldisk/LEdd) 10−4 7 × 10−4

Size of the BLR (RBLR) [pc (RSch)] 1.5 × 10−3 (151.43) 3.0 × 10−3 (321.24)
Dissipation distance (Rdiss) [pc (RSch)] 1.91 × 10−3 (194.03) 3.3 × 10−3 (349.99)
Slope of the particle distribution below the break energy (p) 1.50 2.40
Slope of the particle distribution above the break energy (q) 3.55 3.30
Magnetic field (B) [G] 1.1 2.2
Particle energy density (Ue) [erg cm−3] 0.27 0.06
Bulk Lorentz factor (Γ) 8.16 10.80
Minimum Lorentz factor (gmin) 5 × 103 103

Break Lorentz factor (γbreak) 4.5 × 104 5.1 × 104

Maximum Lorentz factor (gmax) 5 × 105 5 × 105

Jet power in electrons (Pe) in log scale [erg s−1] 41.77 41.86
Jet power in magnetic field (PB) in log scale [erg s−1] 41.01 42.35
Radiative jet power (Pr) in log scale [erg s−1] 42.79 43.38
Jet power in protons (Pp) in log scale [erg s−1] 41.09 41.69
Total jet power (PTOT) in log scale [erg s−1] 42.84 43.44

Note. A viewing angle of 3° and 1° are adopted, respectively.

Table 5
Summary of the Parameters used/derived for the SED Modeling 3FHL J1034.8−4645 (z > 0.38) to Explain the uw1 Data Point

Parameter Disk Region 2

Synchrotron peak frequency [Hz] 2.5 × 1017 4 × 1015

black hole mass (MBH) in log scale [Me] 8.69 8
Accretion disk luminosity (Ldisk) in log scale [erg s−1] 44.84 42.95
Accretion disk luminosity in Eddington units (Ldisk/LEdd) 10−2 7 × 10−4

Size of the BLR (RBLR) [pc (RSch)] 2.69 × 10−2 (566.63) 3.0 × 10−3 (321.24)
Dissipation distance (Rdiss) [pc (RSch)] 1.19 × 10−2 (249.90) 1.1 × 10−2 (1200)
Slope of the particle distribution below the break energy (p) 2.40 2.40
Slope of the particle distribution above the break energy (q) 3.30 5.50
Magnetic field (B) [G] 0.8 1.2
Particle energy density (Ue) [erg cm−3] 0.01 0.003
Bulk Lorentz factor (Γ) 9.12 15.0
Minimum Lorentz factor (gmin) 1 × 103 103

Break Lorentz factor (γbreak) 9.3 × 104 7.6 × 103

Maximum Lorentz factor (gmax) 5 × 105 5 × 105

Jet power in electrons (Pe) in log scale [erg s−1] 42.19 41.95
Jet power in magnetic field (PB) in log scale [erg s−1] 42.43 43.18
Radiative jet power (Pr) in log scale [erg s−1] 43.47 42.78
Jet power in protons (Pp) in log scale [erg s−1] 42.01 41.89
Total jet power (PTOT) in log scale [erg s−1] 43.54 43.35

Note. We consider: (1) higher black hole mass and accretion disk luminosity and (2) two emission regions in the jet. The parameters of the first region are the same as
listed in Table 4. A viewing angle of 1° is adopted, respectively.
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points are produced by a second region located further along
the jet. For the first case, we raise the level of the disk emission
until it matched the UVOT point and increased the black hole
mass to match the peak position. For the second case, we
consider region 1 to be the same as the one derived in the one-
zone case (Table 4); region 2 instead is considered to be located
further along the jet and modeled with the physical SED
described above. The sum of the two regions give us the total
SED. Both scenarios are shown in the bottom panels of
Figure 2 and the corresponding model parameters for the disk
case and the second region are reported in Table 5.

It can be seen that both scenarios explain fairly well the total
SED. The accretion disk case is challenging to support, though
it is a very interesting possibility as it would be the first
detection of an accretion disk emission from a BL Lac source.
Indeed, if this was the case, the UVOT data would be produced
by a strong accretion disk which is not swamped by the
nonthermal emission. According to the unification scenario
(Urry & Padovani 1995), we would therefore expect to see
some broad lines in the optical spectrum. Absence of such lines
could point to either the absence of the broad line region
clouds, or to the fact that, though stronger, the accretion disk
emission is not sufficient to ionize the clouds. The second
scenario could be more plausible as AGN jets detected at radio
frequencies are known to be knotted (e.g., King et al. 2016).
According to our best fit, the two regions would be separated
by ∼850 Rsch, both still within the torus. The synchrotron peak
of the second region should be at ∼4× 1015 Hz and the SSC
component would be subdominant in the high-energy regime.
The magnetic field of the second region would be lower
(B∼ 1.2) and the Γ factor higher (Γ= 15). With regards to the
jet powers, we find that both scenarios would still fit the BL
Lac parameter space and the combined total jet power is very
similar in both cases.

A third plausible scenario to explain the excess emission at
the lowest frequencies is that we could be seeing the emission
from the host galaxy (e.g., Ghisellini et al. 2017; Archer et al.
2018; Nievas Rosillo et al. 2022). Fitting the IR to UV data
with a single temperature blackbody, we obtain a Teff,host∼
104 K and a luminosity of Lhost∼ 1045 erg cm−2 s1. Future
multiband follow-up observations of these sources will be
crucial to disentangle these scenarios.

6. Conclusion

In this work, we present the results of the optical spectro-
scopic campaign directed toward rendering the 3FHL blazar
sample spectroscopically complete using the Gemini Multi-
Object Spectrographs mounted on the 8.1 m Gemini-South
telescope in Chile. We observed five extragalactic sources
classified as BCU (blazars of uncertain classification) in the
3FHL catalog. All the objects in our source sample are
classified as BL Lacs based on their observed optical spectrum.
Out of the 5 BCUs in our sample, we found redshift lower
limits for two sources, and featureless spectra with no redshift
measurement for the remaining three sources. Having obtained
redshift lower limits for two of our sources, we were also able
to collect their multiband data and test a one-zone leptonic
model. The results show that both sources well agree with
being standard BL Lac objects.
In combination with the other campaign results, we were

able to decrease (i) the fraction of blazars without a
classification from ∼23% to ∼11%, and (ii) blazars without
redshift from ∼56% to ∼53%. These results are highlighted in
Figure 3, where on the right we show the significant
improvement in classification completeness of the 3FHL
catalog as function of energy flux, and to the right the increase
on redshift completeness. Table 1 summarizes the major results
of this campaign. Future progress on making the 3FHL blazar
sample spectroscopically complete will rely on granted
telescope time by 4–8 m facilities and/or ongoing spectro-
scopical follow ups aiming at completing complementary
catalogs (such as the 3FGL or the 4FGL; see Peña-Herazo et al.
2021).

This work relied on the use of the TOPCAT software
(Taylor 2005) for the analysis of data tables. Based on
observations obtained at the international Gemini Observatory,
a program of NSFʼs NOIRLab, which is managed by the
Association of Universities for Research in Astronomy
(AURA) under a cooperative agreement with the National
Science Foundation. on behalf of the Gemini Observatory
partnership: the National Science Foundation (United States),
National Research Council (Canada), Agencia Nacional de
Investigación y Desarrollo (Chile), Ministerio de Ciencia,
Tecnología e Innovación (Argentina), Ministério da Ciência,

Figure 3. Left: classification completeness as function of energy flux for all the identified blazars in the 3FHL. The gray dotted line represents the completeness of the
original catalog, while the orange solid line represents the completeness after the optical campaign efforts undertaken by our group. As can be seen, the fraction of
unclassified 3FHL blazars has been reduced from 23% to 11%. Right: redshift completeness as function of energy flux for all the identified blazars in the 3FHL. The
improvement obtained thanks to the optical spectroscopic follow up is of ∼3% (orange solid line) with respect to the original 3FHL.

9

The Astronomical Journal, 165:42 (10pp), 2023 February Rajagopal et al.



Tecnologia, Inovações e Comunicações (Brazil), and Korea
Astronomy and Space Science Institute (Republic of Korea).
S.M. acknowledges funding from theINAF “Progetti di
Ricerca di Rilevante Interesse Nazionale” (PRIN), Bando
2019 (project: “Piercing through the clouds: a multiwavelength
study of obscured accretion in nearby supermassive black
holes”). L.M. acknowledges that support for this work was
provided by NASA through the NASA Hubble Fellowship
grant #HST-HF2-51486.001-A, awarded by the Space Tele-
scope Science Institute, which is operated by the Association of
Universities for Research in Astronomy, Inc., for NASA, under
contract NAS5-26555.

ORCID iDs

M. Rajagopal https://orcid.org/0000-0002-8979-5254
L. Marcotulli https://orcid.org/0000-0002-8472-3649
K. Labrie https://orcid.org/0000-0002-6633-7891
S. Marchesi https://orcid.org/0000-0001-5544-0749
M. Ajello https://orcid.org/0000-0002-6584-1703

References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, ApJS, 188, 405
Abdollahi, S., Acero, F., Baldini, L., et al. 2022, ApJS, 260, 53
Acero, F., Ackermann, M., Ajello, M., et al. 2015, ApJS, 218, 23
Ackermann, M., Ajello, M., Allafort, A., et al. 2012, Sci, 338, 1190
Ajello, M., Atwood, W. B., Baldini, L., et al. 2017, ApJS, 232, 18
Ajello, M., Romani, R. W., Gasparrini, D., et al. 2014, ApJ, 780, 73
Ajello, M., Shaw, M. S., Romani, R. W., et al. 2012, ApJ, 751, 108
Álvarez Crespo, N., Masetti, N., Ricci, F., et al. 2016a, AJ, 151, 32
Álvarez Crespo, N., Massaro, F., Milisavljevic, D., et al. 2016b, AJ, 151, 95
Archer, A., Benbow, W., Bird, R., et al. 2018, ApJ, 862, 41
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Celotti, A., & Ghisellini, G. 2008, MNRAS, 385, 283
Collaboration, F.-L. 2018, Sci, 362, 1031
Costamante, L., Ghisellini, G., Giommi, P., et al. 2001, A&A, 371, 512
de Menezes, R., Amaya-Almazán, R. A., Marchesini, E. J., et al. 2020,

Ap&SS, 365, 12
Desai, A., Helgason, K., Ajello, M., et al. 2019, ApJL, 874, L7
Desai, A., Marchesi, S., Rajagopal, M., & Ajello, M. 2019, Ap&SS, 241, 5
Domínguez, A., Finke, J. D., Prada, F., et al. 2013, ApJ, 770, 77

Frank, J., King, A., & Raine, D. J. 2002, in Accretion Power in Astrophysics,
by Juhan Frank and Andrew King and Derek Raine, ed. J. Frank,
A. King, & D. Raine (Cambridge: Cambridge Univ. Press), 398

Fermi-LAT Collaboration, Abdollahi, S., Ackermann, M., et al. 2018, Sci,
362, 1031

Ghisellini, G., Righi, C., Costamante, L., & Tavecchio, F. 2017, MNRAS,
469, 255

Ghisellini, G., & Tavecchio, F. 2009, MNRAS, 397, 985
Ghisellini, G., Tavecchio, F., Foschini, L., et al. 2012, MNRAS, 425, 1371
Giommi, P., Padovani, P., Perri, M., Landt, H., & Perlman, E. 2002, arXiv:

astro-ph/0209621
Goldoni, P., Pita, S., Boisson, C., et al. 2021, A&A, 650, A106
IceCube Collaboration, Aartsen, M. G., Ackermann, M., et al. 2018, Sci,

361, 147
Joffre, S., Silver, R., Rajagopal, M., et al. 2022, ApJ, 940, 139
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Kaur, A., Ajello, M., Marchesi, S., & Omodei, N. 2019, ApJ, 871, 94
King, A. L., Miller, J. M., Bietenholz, M., et al. 2016, NatPh, 12, 772
Landoni, M., Massaro, F., Paggi, A., et al. 2015, AJ, 149, 163
Marchesi, S., Kaur, A., & Ajello, M. 2018, AJ, 156, 212
Marchesini, E. J., Masetti, N., Chavushyan, V., et al. 2016, A&A, 596, A10
Massaro, F., Álvarez Crespo, N., D’Abrusco, R., et al. 2016, Ap&SS, 361, 337
Massaro, F., Masetti, N., D’Abrusco, R., Paggi, A., & Funk, S. 2014, AJ,

148, 66
Nievas Rosillo, M., Domínguez, A., Chiaro, G., et al. 2022, MNRAS, 512, 137
Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS, 199, 31
Padovani, P. 1992, MNRAS, 257, 404
Padovani, P., Costamante, L., Ghisellini, G., Giommi, P., & Perlman, E. 2002,

ApJ, 581, 895
Paggi, A., Milisavljevic, D., Masetti, N., et al. 2014, AJ, 147, 112
Paiano, S., Falomo, R., Franceschini, A., Treves, A., & Scarpa, R. 2017, ApJ,

851, 135
Peña-Herazo, H. A., Massaro, F., Chavushyan, V., et al. 2019, Ap&SS, 364, 85
Peña-Herazo, H. A., Paggi, A., García-Pérez, A., et al. 2021, AJ, 162, 177
Rajagopal, M., Marchesi, S., Kaur, A., et al. 2021, ApJS, 254, 26
Ricci, F., Massaro, F., Landoni, M., et al. 2015, AJ, 149, 160
Sbarrato, T., Ghisellini, G., Maraschi, L., & Colpi, M. 2012, MNRAS,

421, 1764
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Shaw, M. S., Romani, R. W., Cotter, G., et al. 2013, ApJ, 764, 135
Silver, R., Marchesi, S., Marcotulli, L., et al. 2020, ApJ, 902, 23
Tavecchio, F., Ghisellini, G., Bonnoli, G., & Foschini, L. 2011, MNRAS,

414, 3566
Taylor, M. B. 2005, in ASP Conf. Ser., 347, Astronomical Data Analysis

Software and Systems XIV, ed. P. Shopbell, M. Britton, & R. Ebert (San
Francisco, CA: ASP), 29

Urry, C. M., & Padovani, P. 1995, PASP, 107, 803

10

The Astronomical Journal, 165:42 (10pp), 2023 February Rajagopal et al.

https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8979-5254
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-8472-3649
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0002-6633-7891
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0001-5544-0749
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://orcid.org/0000-0002-6584-1703
https://doi.org/10.1088/0067-0049/188/2/405
https://ui.adsabs.harvard.edu/abs/2010ApJS..188..405A/abstract
https://doi.org/10.3847/1538-4365/ac6751
https://ui.adsabs.harvard.edu/abs/2022ApJS..260...53A/abstract
https://doi.org/10.1088/0067-0049/218/2/23
https://ui.adsabs.harvard.edu/abs/2015ApJS..218...23A/abstract
https://doi.org/10.1126/science.1227160
https://ui.adsabs.harvard.edu/abs/2012Sci...338.1190A/abstract
https://doi.org/10.3847/1538-4365/aa8221
https://ui.adsabs.harvard.edu/abs/2017ApJS..232...18A/abstract
https://doi.org/10.1088/0004-637X/780/1/73
https://ui.adsabs.harvard.edu/abs/2014ApJ...780...73A/abstract
https://doi.org/10.1088/0004-637X/751/2/108
https://ui.adsabs.harvard.edu/abs/2012ApJ...751..108A/abstract
https://doi.org/10.3847/0004-6256/151/2/32
https://ui.adsabs.harvard.edu/abs/2016AJ....151...32A/abstract
https://doi.org/10.3847/0004-6256/151/4/95
https://ui.adsabs.harvard.edu/abs/2016AJ....151...95A/abstract
https://doi.org/10.3847/1538-4357/aacbd0
https://ui.adsabs.harvard.edu/abs/2018ApJ...862...41A/abstract
https://doi.org/10.1088/0004-637X/697/2/1071
https://ui.adsabs.harvard.edu/abs/2009ApJ...697.1071A/abstract
https://doi.org/10.1111/j.1365-2966.2007.12758.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.385..283C/abstract
https://doi.org/10.1126/science.aat8123
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1031F/abstract
https://doi.org/10.1051/0004-6361:20010412
https://ui.adsabs.harvard.edu/abs/2001A&A...371..512C/abstract
https://doi.org/10.1007/s10509-020-3727-5
https://ui.adsabs.harvard.edu/abs/2020Ap&SS.365...12D/abstract
https://doi.org/10.3847/2041-8213/ab0c10
https://ui.adsabs.harvard.edu/abs/2019ApJ...874L...7D/abstract
https://doi.org/10.3847/1538-4365/ab01fc
https://ui.adsabs.harvard.edu/abs/2019ApJS..241....5D/abstract
https://doi.org/10.1088/0004-637X/770/1/77
https://ui.adsabs.harvard.edu/abs/2013ApJ...770...77D/abstract
https://ui.adsabs.harvard.edu/abs/2002apa..book.....F/abstract
https://doi.org/10.1126/science.aat8123
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1031F/abstract
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1031F/abstract
https://doi.org/10.1093/mnras/stx806
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..255G/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469..255G/abstract
https://doi.org/10.1111/j.1365-2966.2009.15007.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.397..985G/abstract
https://doi.org/10.1111/j.1365-2966.2012.21554.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.425.1371G/abstract
http://arxiv.org/abs/astro-ph/0209621
https://doi.org/10.1051/0004-6361/202040090
https://ui.adsabs.harvard.edu/abs/2021A&A...650A.106G/abstract
https://doi.org/10.1126/science.aat2890
https://ui.adsabs.harvard.edu/abs/2018Sci...361..147I/abstract
https://ui.adsabs.harvard.edu/abs/2018Sci...361..147I/abstract
https://doi.org/10.3847/1538-4357/ac9797
https://ui.adsabs.harvard.edu/abs/2022ApJ...940..139J/abstract
https://doi.org/10.1051/0004-6361:20041864
https://ui.adsabs.harvard.edu/abs/2005A&A...440..775K/abstract
https://doi.org/10.3847/1538-4357/aaf649
https://ui.adsabs.harvard.edu/abs/2019ApJ...871...94K/abstract
https://doi.org/10.1038/nphys3724
https://ui.adsabs.harvard.edu/abs/2016NatPh..12..772K/abstract
https://doi.org/10.1088/0004-6256/149/5/163
https://ui.adsabs.harvard.edu/abs/2015AJ....149..163L/abstract
https://doi.org/10.3847/1538-3881/aae201
https://ui.adsabs.harvard.edu/abs/2018AJ....156..212M/abstract
https://doi.org/10.1051/0004-6361/201629028
https://ui.adsabs.harvard.edu/abs/2016A&A...596A..10M/abstract
https://doi.org/10.1007/s10509-016-2926-6
https://ui.adsabs.harvard.edu/abs/2016Ap&SS.361..337M/abstract
https://doi.org/10.1088/0004-6256/148/4/66
https://ui.adsabs.harvard.edu/abs/2014AJ....148...66M/abstract
https://ui.adsabs.harvard.edu/abs/2014AJ....148...66M/abstract
https://doi.org/10.1093/mnras/stac491
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512..137N/abstract
https://doi.org/10.1088/0067-0049/199/2/31
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...31N/abstract
https://doi.org/10.1093/mnras/257.3.404
https://ui.adsabs.harvard.edu/abs/1992MNRAS.257..404P/abstract
https://doi.org/10.1086/344406
https://ui.adsabs.harvard.edu/abs/2002ApJ...581..895P/abstract
https://doi.org/10.1088/0004-6256/147/5/112
https://ui.adsabs.harvard.edu/abs/2014AJ....147..112P/abstract
https://doi.org/10.3847/1538-4357/aa9af4
https://ui.adsabs.harvard.edu/abs/2017ApJ...851..135P/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...851..135P/abstract
https://doi.org/10.1007/s10509-019-3574-4
https://ui.adsabs.harvard.edu/abs/2019Ap&SS.364...85P/abstract
https://doi.org/10.3847/1538-3881/ac1da7
https://ui.adsabs.harvard.edu/abs/2021AJ....162..177P/abstract
https://doi.org/10.3847/1538-4365/abf656
https://ui.adsabs.harvard.edu/abs/2021ApJS..254...26R/abstract
https://doi.org/10.1088/0004-6256/149/5/160
https://ui.adsabs.harvard.edu/abs/2015AJ....149..160R/abstract
https://doi.org/10.1111/j.1365-2966.2012.20442.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.1764S/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.421.1764S/abstract
https://ui.adsabs.harvard.edu/abs/1973A&A....24..337S/abstract
https://doi.org/10.1088/0004-637X/764/2/135
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..135S/abstract
https://doi.org/10.3847/1538-4357/abb317
https://ui.adsabs.harvard.edu/abs/2020ApJ...902...23S/abstract
https://doi.org/10.1111/j.1365-2966.2011.18657.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.3566T/abstract
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.3566T/abstract
https://ui.adsabs.harvard.edu/abs/2005ASPC..347...29T/abstract
https://doi.org/10.1086/133630
https://ui.adsabs.harvard.edu/abs/1995PASP..107..803U/abstract

	1. Introduction
	2. Sample Selection
	3. Observations and Data Analysis
	4. Spectral Analysis
	4.1. Comments on Individual Sources

	5. SED Modeling
	5.1. The Multiband Data
	5.2. Constraints to the Model
	5.3. Modeling Results

	6. Conclusion
	References



