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Abstract

GB 1508+5714 is a high-redshift blazar (z= 4.3), and a spectrally soft γ-ray source has been detected in its
direction. By analyzing 11.4 yr Fermi Large Area Telescope data, significant long-term variability of the γ-ray
source is confirmed. More importantly, a γ-ray emission flare appeared in an epoch of several tens of days in 2018,
when the flux was about four times the value from the global fit. Meanwhile, optical flares were displayed in both
the r and i bands from the Zwicky Transient Facility light curves. Detections of the simultaneous γ-ray and optical
brightening provide decisive evidence to pin down the association between the γ-ray source and GB 1508+5714,
which makes it the first identified γ-ray blazar beyond redshift 4. A broadband spectral energy distribution in the
high flux state is constructed, and the origin of the multiwavelength brightening is also briefly discussed.
Upcoming wide–deep–fast optical telescopes together with the γ-ray sky surveyors will shed light on the role that
the active galactic nucleus jets play in the early cosmic time.

Unified Astronomy Thesaurus concepts: Galaxy jets (601); Quasars (1319); Gamma-ray sources (633); Non-
thermal radiation sources (1119); High-redshift galaxies (734)

1. Introduction

Benefiting from the strongly boosted jet emission (Blandford
& Rees 1978; Blandford et al. 2019), blazars are bright beacons
(e.g., Ghisellini et al. 2014b) and capable of being detected even
in the early cosmic time (e.g., Romani et al. 2004; Romani 2006).
The broadband jet emission is characterized by a universal two-
bump spectral energy distribution (SED) structure in a log νFν–
log ν plot, where one is widely accepted as synchrotron emission,
while the other one extends to the γ-ray domain. In the leptonic
scenarios, γ-ray emissions of blazars are usually explained as
inverse Compton (IC) scattering of soft photons from either
inside (the synchrotron self-Compton, or SSC; Maraschi et al.
1992) and/or outside (external Compton, or EC; Dermer &
Schlickeiser 1993; Sikora et al. 1994; Błażejowski et al. 2000) of
the jet by the same population of relativistic electrons that are
responsible for the synchrotron emission. In addition, the
coincidence between an incoming sub-PeV neutrino event and
multiwavelength flares in TXS 0506+056 suggests that the
hadronic processes should be taken into account at least in some
cases (IceCube Collaboration et al. 2018). High-redshift blazars
are valuable targets for understanding the formation and growth
of the first generation of supermassive black holes (SMBHs) as
well as the cosmic evolution of active galactic nucleus (AGN)
jets (Ghisellini et al. 2010; Volonteri 2010). Meanwhile, their
emissions carry crucial information of the early universe. In
particular, the γ-ray emission of high-redshift blazars is valuable
for probing the extragalactic background light (e.g., Fermi-LAT
Collaboration et al. 2018). However, as a result of the faintness
due to their large distances, the number of detected high-redshift
(i.e., >z 4) blazars (candidates) is limited (Massaro et al. 2009).
In fact, it becomes rather challenging in the γ-ray domain. In the
fourth Fermi Large Area Telescope (LAT; Atwood et al. 2009)
catalog (4FGL; Abdollahi et al. 2020), all blazars beyond redshift
3 are flat-spectrum radio quasars (FSRQs). Since the peak of their

high-energy SED bump is beneath the lower-energy threshold of
Fermi-LAT, the decline of γ-ray emissions caused by the
significant cosmic redshift is a major obstacle for γ-ray blazar
detection at high redshifts.
Blazars are characterized by violent multiwavelength

variability (e.g., Ulrich et al. 1997; Madejski & Sikora 2016).
Coincidences between their γ-ray flares and ones in other
windows of electromagnetic radiation have been frequently
detected (e.g., Abdo et al. 2010; Liao et al. 2014). In the
perspective of the relatively limited angular resolution of
the γ-ray observation, catching these correlated variations
provide decisive proof to support the association between the
γ-ray source and its low-energy counterpart (e.g., Schinzel
et al. 2011; Liao et al. 2016). In the high-redshift regime,
based on the strong quasi-simultaneous IR and γ-ray flares,
CGRaBS J0733+0456 (z= 3.01) is proven to be an identified
γ-ray source (Liao et al. 2019). GB 1508+5714 was initially
detected as a radio source at 5GHz (Patnaik et al. 1992) and
then identified as a high-redshift quasar (z= 4.3; Hook et al.
1995). Considering the flat radio spectrum and the high
radio-loudness (Kellermann et al. 1989) value, as well as
the hard X-ray spectrum (Mathur & Elvis 1995; Moran &
Helfand 1997), it has been suggested to be a blazar (Massaro
et al. 2009). More importantly, a faint and spectrally
soft γ-ray source (categorized as 4FGL J1510.1+5702 in
4FGL; Abdollahi et al. 2020) cospatial with GB 1508+5714
is found and hence it is claimed to be the most distant γ-ray
blazar so far (Ackermann et al. 2017). By analyzing nearly the
first 9 yr Fermi-LAT data, the γ-ray source toward GB 1508
+5714 is suggested to be likely variable (Li et al. 2018).
Meanwhile, its overall broadband SED is similar to those of
γ-ray FSRQs, further supporting its blazar nature (Marcotulli
et al. 2020). However, due to the faintness and the soft γ-ray
spectrum, and considering that the angular resolution of
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Fermi-LAT for sub-GeV photons is much worse than for GeV
γ-rays,5 the nature of the γ-ray blazar cannot be set in stone
until there are detections of multiwavelength correlated
variations.

In this Letter, we analyze the 11.4 yr of Fermi-LAT data as
well as the Intermediate Palomar Transient Factory (iPTF) and
Zwicky Transient Facility (ZTF) light-curve data of GB 1508
+5714, investigate its multiwavelength variability properties
(Section 2), and provide some discussions (Section 3). Here
we take a ΛCDM cosmology with = - -H 67 km s Mpc0

1 1,
W = 0.32m , and W =L 0.68 (Planck Collaboration et al. 2014).

2. Data Analysis and Results

2.1. Fermi-LAT Data

Here the Fermi-LAT Pass 8 SOURCE data (from MJD 54682
to MJD 58852) with an energy range between 100MeV and
500 GeV are collected and analyzed by the Fermitools
software version 1.2.23. The entire data set is filtered with
the zenith angle cut (< 90 ) as well as the recommended
quality-filter cuts (DATA_QUAL==1 && LAT_CONFIG==1).
Unbinned likelihood analyses implemented in the gtlike
task are used to extract the γ-ray flux and spectrum. The initial
background model includes all 4FGL sources within 15° around
4FGL J1510.1+5702, together with the diffuse γ-ray emission
templates (i.e., gll_iem_v07.fits and iso_P8R3_
SOURCE_V2_v1.txt). During the likelihood analyses, para-
meters of all 4FGL sources lying within a 10◦ region of interest
centered at the location of 4FGL J1510.1+5702, as well as the
normalizations of the two diffuse emission backgrounds, are set
free. The significance of a γ-ray source is quantified by the
test statistic (TS; Mattox et al. 1996), which is defined as

= - L LTS 2 ln 0( ), where L and L0 are the maximum
likelihood values for the model with and without target source,
respectively. In the temporal analysis, the spectral parameters of
background sources are frozen with the values from the global
fit, unless they are bright or close to the target. Meanwhile, the
faint (TS< 10) background sources are removed from the model
and then the likelihood analyses are performed again. If TS value
of the target is lower than 10, the 95% confidential level (C.L.)
upper limit is calculated by the pyLikelihood Upper-
Limits tool instead of estimating the flux.

The analysis of the entire 11.4 yr Fermi-LAT data yields a
significant γ-ray source in the direction of GB 1508+5714.
The γ-ray source has a rather soft spectrum, dN

µ - dE E 3.05 0.15( ), consistent with the result from 4FGL
(Abdollahi et al. 2020). The radio location of GB 1508+5714
remains within the γ-ray 95% C.L. error radius. Moreover, the
TS value (TS=78, 8.1σ) is doubled compared with that from
4FGL (TS = 37, 5.2σ; Abdollahi et al. 2020 6). The largely
enhanced TS value suggests that a rise of the γ-ray emission
likely appears after the first 8 yr Fermi-LAT operation.
Therefore, an individual analysis focusing on the last 3.4 yr
of Fermi-LAT data has been performed, and we find a robust
γ-ray source (TS = 41, 5.6σ), as shown in Figure 1. Its spectral
index is constrained as 2.94±0.18. Localization analysis
gives an optimum location of R.A. 227 .65 and decl. 57 .182
with a 95% C. L. error radius of 0 .25, which overlaps with the

radio location of GB 1508+5714. And there are no other
blazars (candidates; e.g., Healey et al. 2008; Massaro et al.
2009) in such a region. We have checked whether there are
new γ-ray sources (i.e., not included in 4FGL) close to 4FGL
J1510.1+5702 emerging recently. In a short period, from MJD
58308 to MJD 58398, a new γ-ray source with a TS value of 34
just 0 .5 away from the radio position of GB 1508+5714
appeared. Its optimum location is R.A. 226 .755 and decl.

57 .336, with a 95% C. L. error radius of 0 .3, which might
associate with a radio source NVSS J150754+571723. After
extracting this source, no significant γ-ray residual is found
toward GB 1508+5714 then. In consideration of the proximity,
Fermi-LAT data during such a 3 month epoch are eliminated
during the entire and the last 3.4 yr Fermi-LAT data analyses.
Since the γ-ray source is relatively faint, first, a 1 yr time bin

light curve is extracted; see Figure 2. Though in this case the
γ-ray source is not well distinguished from the background for
each single time bin (i.e., TS�25), the TS value of the 10th
time bin reaches 21. Then 6 and 3 month time bin light curves
are further extracted. Intriguingly, in the time interval of MJD
58217 to MJD 58308 there is a γ-ray signal with ~TS 30.
We note that rising of TS value of the target could be caused by
flaring of the bright neighbors. Therefore, corresponding light
curves of two nearby strong background γ-ray sources,
4FGLJ1454.4+5124 and 4FGLJ1543.0+6130 (both 6
away), whose TS values from the global fit are 8000 and
19,000 respectively, are also extracted. Luckily, in this special
epoch, no coincident γ-ray flares from the neighbors are found;
see also Figure 2. A residual TS map confirms the emergence
of a valid γ-ray source toward GB 1508+5714 then; see
Figure 1. The optimum location of this source is constrained as
R.A. 227 .368 and decl. 57 .111 with a 95% C. L. error radius
of 0 .3 that embraces the radio position of GB 1508+5714. The
source is spectrally soft, Γ=2.97±0.25, and no significant
spectral hardening is found compared with the global fit. But
the flux then,  ´ -3.4 0.8 10 8( ) ph - -cm s2 1, is roughly four
times the 11.4 yr averaged value,  ´ -7.6 1.2 10 9( )
ph - -cm s2 1. Due to the limited statistics, it is impossible to
obtain any variability information at a timescale of a few days.
Nevertheless, if the time range of the data narrows down to
about 48 days (i.e., from MJD 58241 to MJD 58290), the TS
value of the source is still as large as 26. We also calculate the
variability index (Nolan et al. 2012) value based on the 3 month
time bin light curve here. The svar increases from 3.0 (Li et al.
2018) to 4.3 after embracing the latest 2.4 yr Fermi-LAT data.

2.2. iPTF and ZTF Light-curve Data

Here we adopt the light-curve data archived by the NASA/
IPAC Infrared Science Archive7 from both iPTF and ZTF,
which use the 48 inch Schmidt telescope at the Palomar
Observatory. The total field of view of iPTF is 7.26 deg2 and
the depth of a single snapshot is R;20.5 mag or g  21 mag
when the exposure time is 60s under the median seeing
(i.e., 2″; Cao et al. 2016). In 2017, iPTF had transitioned to
ZTF, which has an enhanced 47 deg2 field and scans the
northern sky at rates of ∼3760 deg2 per hour (Bellm et al.
2019; Graham et al. 2019; Masci et al. 2019). With exposures
in 30s, the median depths are ~g 20.8 mag and ~r 20.6 mag
(AB, 5σ). Additionally, i-band observations are also carried
out in ZTF.5 https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm

6 Note in 4FGL the summed-binned-likelihood analysis thread is adopted and
the energy range of the selected Fermi-LAT data there is between 50 MeV and
100 GeV.

7 https://irsa.ipac.caltech.edu/frontpage/
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Recently, the second ZTF public data release (DR2) was
announced.8 Initially, we looked up the coadded reference
images. GB 1508+5714 is faint in the g-band image (;22.1
mag; Schneider et al. 2005) but was significantly detected in
the frames of the two rest filters. Therefore, light curves in the
r band and i band for objects falling within a 5″ radius from
position of the target are derived. There are in total 14 i-band
exposures (in 13 days from MJD 58227 to MJD 58290) and
252 r-band exposures (in 104 days from MJD 58200 to MJD
58660). Only ZTF frames satisfied with catflags = 0 are
selected. In addition, there are 160 R-band iPTF exposures (in
65 days from MJD 56008 to MJD 56825). The long-term daily
averaged optical light curves are shown in Figure 3. Besides the
daily optical light curves, a zoomed-in frame of the ZTF light
curves in 2018 with each exposure exhibited is also shown,
together with the corresponding airmass and the limit mag; see
Figure 4. Note that photometric zero-point corrections have
been applied for the ZTF and iPTF light curves. Nevertheless,
five comparison stars ( ~r 17mag ) locating within 10′ from the
position of GB 1508+5714 among the PTF Photometric
Calibrator Catalog (Ofek et al. 2012) are selected. The standard
deviation of their ZTF light curves is small, less than 0.02 mag
in the both the r and i bands. The averaged magnitudes of the
comparison stars are also plotted, together with the zoomed-in
light curve of the target; see Figure 4. The typical mag of GB
1508+5714 for each single ZTF r-band exposure is ∼20 mag.
But generally, the r-band flux in 2018 (rmean  20 mag) appears
to be slightly brighter than that in 2019 (rmean  20.2 mag).
One attractive feature in the r-band light curve is the existence
of flares in 2018 June. There is a 0.5 mag brightening from
MJD 58282.2 (r= 20.0± 0.12 mag) to MJD 58285.3
(r= 19.5± 0.08 mag), and the source became fainter in 4
days (r= 20.1± 0.13 mag at MJD 58289.2). The ascent phase
r-band light curve gives a tight constraint on the doubling
timescale at the source frame, t = D ´t ln 2doub,source

F Fln 1 2( ) (1+z) ∼0.9days. Before this major flare, there

was a minor flare peaking at MJD 58279.3 with brightening of
about 0.3 mag; see Figure 4. On the other hand, though the i-
band light curve is sparsely sampled, the i-band mag at MJD
58286.3 reached 18.9±0.08 mag, which is significantly
brighter than that at MJD 58272.4 (i= 19.7± 0.13 mag). A
quantity defined as D +mag magerr magerr1

2
2
2( ) is used to

qualify the significance of variation between two photometric
estimations. So the jump in the i-band light curve suggests a
significance level of s~5 of variability. Meanwhile, three
r-band data points maintained at a high flux state (i.e., ∼19.5
mag) around MJD 58286, in contrast to the data at MJD
58282.2, which gives variability at the significance level of 5.5σ.
A null hypothesis that all these flux variations are due to random
fluctuation has been rejected with a significance level of 7.8σ.
We would like to also remind that these observations were
carried out under good conditions (i.e., ilimit 20.6 mag/r limit 
21.3 mag and airmass<1.3) and these optical emission
variations cannot be attributed to the bad weather or the poor
air masses. We conclude that the optical variations in the ZTF
light curves around MJD 58286 are robust, and GB 1508+571
was indeed undergoing an active phase then. For the iPTF
R-band light curve, as discussed in Li et al. (2018), no significant
optical variability was found.

2.3. Implications of γ-Ray and Optical Variability

The 3 month γ-ray light curve of 4FGL J1510.1+5702
reveals that it is at a high flux state in an epoch of several tens
of days in 2018; meanwhile, optical flux densities of GB 1508
+5714 in two bands rise in the same epoch. To further
investigate the relationship between these two domains of
emissions, a 3 day time bin γ-ray light curve is presented,
together with the zoomed-in ZTF light curves; see Figure 4. In
spite of the limited statistics and no Fermi-LAT observation
toward the target at the exact time of the optical flares, the time
bin (i.e., centered at MJD 58288.5) with the largest TS value in
the 3 day γ-ray light curve is very close to the peaking time of
the optical flares. Since optical variations are likely from the jet
because of the large variability amplitude, based on the

Figure 1. γ-ray residual (i.e., 4FGL J1510.1+5702 is not included in the analysis model file) TS maps for GB 1508+5714. Left panel: data time range between MJD
57602 and MJD MJD 58852 (i.e., the last 3.4 yr). Right panel: data time range between MJD 58217 and MJD 58308 (i.e., the 40th bin of the 3 month light curve). The
scale of the TS maps is  ´ 10 10 with 0 . 1 per pixel. The maps are centered at 4FGL J1510.1+5702 and derived by using Fermi-LAT data between 0.1 and 500GeV.
The green cross-shaped symbol represents the radio position of GB 1508+5714. The green circles are the 95% C. L. error radii of the locations of the γ-ray source.
Locations of the nearby background sources are also marked, along with their 4FGL names. Note that their TS values are lower than 10 in the 3 month analysis, and
hence they are removed from the model file, colored as gray.

8 https://www.ztf.caltech.edu/news/public-data-release-2
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simultaneous γ-ray and optical brightening, we conclude that
4FGL J1510.1+5702 is the γ-ray counterpart of GB 1508
+5714. There are three other time bins in the 3 month γ-ray
light curve with TS values �10, centered at MJD 54909,
57265, and 56540, respectively. The first two time intervals do
not fall into the operation time range of iPTF/ZTF. Moreover,
no iPTF/ZTF data of GB 1508+5714 around MJD 56,540 are
available; see Figure 3. Theoretically, in the leptonic radiation
scenario, the optical and GeV γ-ray emissions of low
synchrotron peaked blazars, including FSRQs, are proposed
to be from the same population of emitting electrons. It is
supported by correlated optical/γ-ray flares in FSRQs (e.g.,
Abdo et al. 2010; Bonning et al. 2012). Meanwhile, the redder-
when-brighter spectral variability behavior has been detected in
the optical wavelengths of γ-ray FSRQs, which is explained by
the influence of the blue and slowly varying accretion disk
emission (e.g., Bonning et al. 2012; Fan et al. 2018). For GB
1508+5714, a similar trend is shown. The optical spectral
color, rmag–imag, is 0.66 mag in MJD 58286, while it is 0.43
mag in MJD 58272, despite the relatively large photometric
uncertainties. The optical spectral color scaled by rmag

corresponding to observations in different epochs are plotted,
as shown in Figure 4. Its i-band variability amplitude is larger
than that in the r band. All of these facts suggest that the
contribution of the jet emission becomes significant at the
optical wavelengths of GB 1508+5714 when the jet activity is
intense with rising γ-ray emission. Moreover, the significant
γ-ray emission together with the rapid optical variation in the
r band provide information of the emitting jet blob. The radius
of the emitting blob is constrained by the variability timescale,

t d¢ R cj doub,source , where t ~ 0.9doub,source days for the current
event. Meanwhile, assuming that the optical and γ-ray photons
of GB 1508+5714 are from the same region, to avoid serious
absorption on γ-rays from soft photons via the gg process, the
corresponding optical depth should not be high,

t
s

¢ = ¢ ¢ ¢ ¢gg x n x x R
5

1, 1T
t t( ) ( ) ( )

where sT is the scattering Thomson cross section, ¢ ¢n x( ) is the
differential comoving number density of the target photon per
energy, ¢xt is the energy of the target photon in dimensionless

Figure 2. γ-ray light curves of GB 1508+5714 as well as its neighbors 4FGLJ1454.4+5124 and 4FGLJ1543.0+6130. Blue points represent the γ-ray fluxes, while
the red triangles are upper limits. Red bars are the corresponding TS values. The 11.4 yr averaged γ-ray flux (solid line) and its 1σ uncertainty (dotted lines) are also
marked.
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units, and ¢R is the absorption length (Dondi & Ghisellini 1995;
Begelman et al. 2008). The soft photons from the jet itself
could be responsible for the absorption. Since the highest
energy of the detected γ-ray photons of GB 1508+5714 is
∼8GeV, the corresponding soft photons are those detected at a
few keV (3 ´ 1046 erg s−1; Marcotulli et al. 2020), and the
absorption length can be set the same as the radius of the
emitting blob. A constraint of the Doppler factor of the jet blob,
d  7, is given.

3. Discussions and Summary

Activity of γ-ray emissions of high-redshift ( z 2) blazars
is intense. Their peaking γ-ray luminosity is capable of
reaching >1050 erg s−1 (Abdo et al. 2015; D’Ammando &
Orienti 2016). Meanwhile, the variability amplitude can be as
high as over one order of magnitude, and a timescale of fast
variations down to a few hours in the source frame have been
often detected (e.g., Akyuz et al. 2013; Abdo et al. 2015; Li
et al. 2018). By comparison, the γ-ray variation of GB 1508
+5714 appears to be mild and the peaking luminosity is
´2 1048 erg s−1. Nevertheless, intraday optical variation of

GB 1508+5714 is detected during the γ-ray brightening epoch.
Considering intraday variability at optical/IR wavelengths
detected in other high-redshift γ-ray blazars (e.g., Li et al.
2018; Liao et al. 2019), it is reasonable that highly beamed
sources are more likely to be seen there due to the Malmquist
bias. More importantly, the simultaneous brightening in optical
(both in the r and i bands) as well as γ-rays provides crucial
evidence for GB 1508+5714 being a γ-ray emitter. GB 1508
+5714 is a very important target for future multiwavelength

campaigns to probe the jet properties at high redshifts. It is
worthwhile to note that there is another interesting source,
NVSS J163547+362930 (z= 3.6; Pâris et al. 2014), from
which detections of significant optical and γ-ray flares, though
not simultaneously, have been reported (Li et al. 2018).
Besides blazars, γ-ray bursts (GRBs) are also strong

extragalactic γ-ray emitters. The most distant GRB with GeV
γ-ray detection by Fermi-LAT so far is GRB 080916C
(zph=4.35; Abdo et al. 2009; Greiner et al. 2009). For
blazars, the most distant source in hard X-rays among the
105 month Swift-BAT all sky survey (Oh et al. 2018) is B3
1428+422 (z= 4.7; Hook & McMahon 1998). Meanwhile,
individual studies reveal several blazars (candidates) beyond
redshift 5, including Q0906+6930 (z= 5.48; Romani et al.
2004), SDSS J102623.61+254259.5 (z= 5.2; Sbarrato et al.
2012), SDSS J013127.34−032100.1 (z= 5.18; Yi et al. 2014),
and SDSS J114657.79+403708.6 (z= 5.0; Ghisellini et al.
2014a). Attempts that aim to break the redshift record by GRB
080916C have been made. A new spectrally soft transient (in
an epoch of 10 months) γ-ray source (global significance of
4.1σ) toward B3 1428+422 is detected by Fermi-LAT, despite
that there is no significant excess there from an entire 9 yr data
averaged perspective (Liao et al. 2018). Unfortunately, there
are no available simultaneous observations that can be used to
pin down the relationship between the transient γ-ray source
and B3 1428+422. Meanwhile, the TS value of one time bin of
the γ-ray light curve of Q0906+6930 is about 12, locally s~2
(An & Romani 2018). If blazars of z 5 are as violently
variable as ones of z 3 , their γ-ray emissions would be likely
detected by Fermi-LAT during the flaring epochs. Moreover,
the next-generation MeV γ-ray all-sky surveyor, like the All
sky Medium Energy Gamma-ray Observatory (McEnery 2020),

Figure 3. γ-ray and optical long-term light curves of GB 1508+5714. Top panel: the 3 month time bin γ-ray light curve, also shown in Figure 2. The red shaded area
in the bottom right panel corresponds to the 48 day time epoch when the TS value of the target is about 26. The gray vertical line in the bottom left panel marks the
time when the TS value of one time bin in the γ-ray light curve reaches ∼20.
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will play an important role in detecting high-redshift blazars.
On the other hand, complementary time domain observations in
other windows of the electromagnetic radiation are also crucial.
Note that the optical emission of blazars at z5 is very faint,
for example, +RQ0906 6930=21.7 mag (Healey et al. 2008).
Upcoming 2 m class wide–deep–fast optical sky surveyors in
the northern hemisphere, like the Wide Field Survey Telescope
(Lou et al. 2016), as well as the Large Synoptic Survey
Telescope (Ivezić et al. 2019), will bring a bright future of
catching activities from the jets in AGNs in the early
cosmic time.

Finally, broadband SEDs of GB 1508+5714 corresponding
to different flux states are presented; see Figure 5. The data and
the theoretical description of the quiescent SED are derived
from Marcotulli et al. (2020), including data from simultaneous
observations of the Southeastern Association for Research in
Astronomy’s optical telescopes and Nuclear Spectroscopic
Telescope Array (NuSTAR) at MJD 57873, as well as the first
92 month averaged γ-ray spectrum detected by Fermi-LAT
(Ackermann et al. 2017). On the other hand, the high flux state
SED consists of the ZTF r- and i-band fluxes at MJD 58286
together with a 48 day averaged γ-ray spectrum centered at
MJD 58266 from Fermi-LAT. The classic single-zone homo-
geneous leptonic model embracing the synchrotron and IC
processes (both SSC and EC) is used to describe the high flux
state SED, in which the synchrotron self-absorption process
and the Klein–Nishina effect in the IC scattering are
considered. The jet emission is from a relativistic compact

blob with a radius of ¢Rj embedded in the magnetic field and the
external photon field. The transformations of frequency and
luminosity between the jet frame and the observational frame
are n dn= ¢ + z1( ) and n d n= ¢ ¢n n ¢L L4 . We assume that the
emitting electrons follow a broken power-law distribution,

g
g g g g
g g g g g

µ
<

-

- -

 
N

,
2

p

p p p

min br

br br max

1

2 1 2

⎧⎨⎩( ) ( )

where gbr, gmin, and gmax are the break, minimum, and
maximum energies of the electrons, and p1,2 are indices of
the broken power-law particle distribution. In the EC process,
Lyα line emission is adopted as the origin of the external
photon field. We extract the monochrome UV flux at
1350Åand the luminosity of the Lyα line by analyzing the
archival Sloan Digital Sky Survey (SDSS) optical spectrum of
GB 1508+5714. Therefore, the scale of the broad-line region
(BLR) can be inferred as ~r 0.29BLR pc (Kilerci Eser et al.
2015) and hence the energy density of the external soft photons
can be estimated as p= ´a

-U L r c4 8 10ext Ly BLR
2 3 erg

cm−3. Since there is no simultaneous X-ray observations for
the high flux state SED, we set the value of p1 as 0.5, consistent
with the value in Marcotulli et al. (2020), which is used to
explain the extraordinary hard NuSTAR spectrum. As shown in
Figure 5, the leptonic scenario well reproduces the high flux
state SED and the corresponding input parameters are
summarized. One of the major differences of the input

Figure 4. 3 day time bin γ-ray light curve and the zoomed-in ZTF light curve with each exposure as well as the corresponding limit mag and airmass. The gray squares
in the top panel represent time epochs without valid Fermi-LAT exposure then. The red shaded area (also marked by the vertical dashed–dotted lines in the top panel)
represents the same 48 day time epoch that is shown in Figure 3. The averaged magnitudes of five comparison stars (i.e., the hollow points) are also plotted in the ZTF
light-curve panel. The vertical dashed line marks the time (i.e., MJD 58286.3) when the i-band flux density reaches its peak value. The yellow pentagrams are optical
spectral colors scaled by rmag corresponding to different epochs.
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parameter between SEDs at different flux states is the radius of
the emitting blob. The rapid optical variation indicates a
compact emitting region for the flaring epoch. If a conical jet
geometry is assumed, the distance between the location of jet
energy dissipation and the central SMBH then can be estimated
as ∼0.1pc, which is smaller than for the quiescent SED
(∼0.3 pc; Marcotulli et al. 2020), and hence it is acceptable that
the intensity of the magnetic field is higher for the former case.
Meanwhile, significant enhancements of the Doppler factor
together with the gbr that might be caused by ejecta of a new jet
blob provide a natural explanation of the brightening of optical
and γ-ray emissions of GB 1508+5714. In fact, the moving of
SED bump peaks of FSRQs to shorter wavelengths during their
flaring epoch is frequently detected (e.g., Ghisellini et al. 2013;
Zhang et al. 2013; Hayashida et al. 2015). For the high-redshift
blazars, evolution of broadband SEDs of CGRaBS J0733
+0456 has been also exhibited and theoretically described
(Liao et al. 2019), from which the input parameters agree with
ones presented here.

In summary, we perform an investigation of the γ-ray and
optical variability properties of GB 1508+5714. The TS value
from the analysis of the entire 11.4 yr Fermi-LAT data is
doubled compared with the value listed in 4FGL. The γ-ray
source is indeed at the high flux state in an epoch of several
tens of days in 2018. The flux then is about four times the flux
from the global fit, and the corresponding TS value reaches 30.

Meanwhile, at the same time, a significant rise of the optical
fluxes, both in the i and r bands, are found through the ZTF
light curves. The sign of fast variation in the r band and the
redder-when-brighter optical spectral variability are also
detected then. In consideration of the γ-ray and optical
brightening, GB 1508+5714 is strongly suggested to be the
first identified γ-ray blazar beyond reshift 4. A broadband SED
in the high flux state is theoretically interpreted and compared
with one in the quiescent flux state (Marcotulli et al. 2020).
Future multiwavelength campaigns are urged to further
investigate its jet properties.

We appreciate the instructive suggestions from the anon-
ymous referee. Lea Marcotulli is appreciated for sharing the
observational and theoretical SED data of GB 1508+5714.
This research has made use of data obtained from the High
Energy Astrophysics Science Archive Research Center (HEA-
SARC), provided by NASA’s Goddard Space Flight Center.
This research has made use of the NASA/IPAC Infrared
Science Archive, which is funded by the NASA and operated
by the California Institute of Technology. This study use data
based on observations obtained with the Samuel Oschin
48 inch Telescope at the Palomar Observatory as part of the
iPTF and ZTF projects. ZTF is supported by the National
Science Foundation under grant No. AST-1440341 and a
collaboration including Caltech, IPAC, the Weizmann Institute
for Science, the Oskar Klein Center at Stockholm University,
the University of Maryland, the University of Washington,

Figure 5. SEDs in different flux states of GB 1508+5714 along with the theoretical descriptions. The color gray data points are unsimultaneous data, and the gray line
represents the accretion disk emission with = ´L 7 10d

46 erg s−1 (~ L0.09 edd) and = ´M M6.5 10BH
9

 (Marcotulli et al. 2020). The blue points and lines
correspond to the flaring state, while the red ones represent the quiescent state (Marcotulli et al. 2020). The parameters corresponding to the quiescent state SED are
derived from Marcotulli et al. (2020). p1,2 are the indexes of the broken power-law radiative electron distribution; gbr, gmin, and gmax are the break, minimum, and
maximum energies of the electron distribution, respectively; B is the magnetic field strength; δ is the Doppler boosting factor; and ¢Rj is the radius of the emission blob.
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Los Alamos National Laboratories, the TANGO Consortium of
Taiwan, the University of Wisconsin at Milwaukee, and
Lawrence Berkeley National Laboratories. Operations are
conducted by COO, IPAC, and UW.

This work was supported in part by NSFC under grants
11703093, 11525313 (i.e., Funds for Distinguished Young
Scholars), 11421303, and 11833007, as well as the Funda-
mental Research Funds for the Central Universities:
WK2030000023. This work was also supported in part by
the Special Natural Science Fund of Guizhou University (grant
No. 201911A) and the First-class Physics Promotion Pro-
gramme (2019) of Guizhou University.

ORCID iDs

Neng-Hui Liao https://orcid.org/0000-0001-6614-3344

References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2015, ApJ, 799, 143
Abdo, A. A., Ackermann, M., Arimoto, M., et al. 2009, Sci, 323, 1688
Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, Natur, 463, 919
Abdollahi, S., Acero, F., Ackermann, M., et al. 2020, ApJS, 247, 33
Ackermann, M., Ajello, M., Baldini, L., et al. 2017, ApJL, 837, L5
Akyuz, A., Thompson, D. J., Donato, D., et al. 2013, A&A, 556, A71
An, H., & Romani, R. W. 2018, ApJ, 856, 105
Atwood, W. B., Abdo, A. A., Ackermann, M., et al. 2009, ApJ, 697, 1071
Begelman, M. C., Fabian, A. C., & Rees, M. J. 2008, MNRAS, 384, L19
Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019, PASP, 131, 018002
Błażejowski, M., Sikora, M., Moderski, R., & Madejski, G. M. 2000, ApJ,

545, 107
Blandford, R., Meier, D., & Readhead, A. 2019, ARA&A, 57, 467
Blandford, R. D., & Rees, M. J. 1978, in Pittsburgh Conference on BL Lac

Objects, ed. A. M. Wolfe, 328
Bonning, E., Urry, C. M., Bailyn, C., et al. 2012, ApJ, 756, 13
Cao, Y., Nugent, P. E., & Kasliwal, M. M. 2016, PASP, 128, 114502
D’Ammando, F., & Orienti, M. 2016, MNRAS, 455, 1881
Dermer, C. D., & Schlickeiser, R. 1993, ApJ, 416, 458
Dondi, L., & Ghisellini, G. 1995, MNRAS, 273, 583
Fan, X.-L., Li, S.-K., Liao, N.-H., et al. 2018, ApJ, 856, 80
Fermi-LAT Collaboration, Abdollahi, S., Ackermann, M., et al. 2018, Sci,

362, 1031
Ghisellini, G., Della Ceca, R., Volonteri, M., et al. 2010, MNRAS, 405, 387
Ghisellini, G., Sbarrato, T., Tagliaferri, G., et al. 2014a, MNRAS, 440, L111
Ghisellini, G., Tavecchio, F., Foschini, L., Bonnoli, G., & Tagliaferri, G. 2013,

MNRAS, 432, L66

Ghisellini, G., Tavecchio, F., Maraschi, L., Celotti, A., & Sbarrato, T. 2014b,
Natur, 515, 376

Graham, M. J., Kulkarni, S. R., Bellm, E. C., et al. 2019, PASP, 131,
078001

Greiner, J., Clemens, C., Krühler, T., et al. 2009, A&A, 498, 89
Hayashida, M., Nalewajko, K., Madejski, G. M., et al. 2015, ApJ, 807, 79
Healey, S. E., Romani, R. W., Cotter, G., et al. 2008, ApJS, 175, 97
Hook, I. M., & McMahon, R. G. 1998, MNRAS, 294, L7
Hook, I. M., McMahon, R. G., Patnaik, A. R., et al. 1995, MNRAS, 273,

L63
IceCube Collaboration, Aartsen, M. G., Ackermann, M., et al. 2018, Sci, 361,

eaat1378
Ivezić, Ž., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111
Kellermann, K. I., Sramek, R., Schmidt, M., Shaffer, D. B., & Green, R. 1989,

AJ, 98, 1195
Kilerci Eser, E., Vestergaard, M., Peterson, B. M., Denney, K. D., &

Bentz, M. C. 2015, ApJ, 801, 8
Li, S., Xia, Z.-Q., Liang, Y.-F., Liao, N.-H., & Fan, Y.-Z. 2018, ApJ, 853, 159
Liao, N. H., Bai, J. M., Liu, H. T., et al. 2014, ApJ, 783, 83
Liao, N.-H., Dou, L.-M., Jiang, N., et al. 2019, ApJL, 879, L9
Liao, N.-H., Li, S., & Fan, Y.-Z. 2018, ApJL, 865, L17
Liao, N.-H., Xin, Y.-L., Fan, X.-L., et al. 2016, ApJS, 226, 17
Lou, Z., Liang, M., Yao, D., et al. 2016, Proc. SPIE, 10154, 101542A
Madejski, G. G., & Sikora, M. 2016, ARA&A, 54, 725
Maraschi, L., Ghisellini, G., & Celotti, A. 1992, ApJL, 397, L5
Marcotulli, L., Paliya, V., Ajello, M., et al. 2020, ApJ, 889, 164
Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003
Massaro, E., Giommi, P., Leto, C., et al. 2009, A&A, 495, 691
Mathur, S., & Elvis, M. 1995, AJ, 110, 1551
Mattox, J. R., Bertsch, D. L., Chiang, J., et al. 1996, ApJ, 461, 396
McEnery, J. & Amego Team 2020, AAS Meeting, 235, 372.15
Moran, E. C., & Helfand, D. J. 1997, ApJL, 484, L95
Nolan, P. L., Abdo, A. A., Ackermann, M., et al. 2012, ApJS, 199, 31
Ofek, E. O., Laher, R., Surace, J., et al. 2012, PASP, 124, 854
Oh, K., Koss, M., Markwardt, C. B., et al. 2018, ApJS, 235, 4
Pâris, I., Petitjean, P., Aubourg, É., et al. 2014, A&A, 563, A54
Patnaik, A. R., Browne, I. W. A., Wilkinson, P. N., & Wrobel, J. M. 1992,

MNRAS, 254, 655
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2014, A&A, 571, A16
Romani, R. W. 2006, AJ, 132, 1959
Romani, R. W., Sowards-Emmerd, D., Greenhill, L., & Michelson, P. 2004,

ApJL, 610, L9
Sbarrato, T., Ghisellini, G., Nardini, M., et al. 2012, MNRAS, 426, L91
Schinzel, F. K., Sokolovsky, K. V., D’Ammando, F., et al. 2011, A&A,

532, A150
Schneider, D. P., Hall, P. B., Richards, G. T., et al. 2005, AJ, 130, 367
Sikora, M., Begelman, M. C., & Rees, M. J. 1994, ApJ, 421, 153
Ulrich, M.-H., Maraschi, L., & Urry, C. M. 1997, ARA&A, 35, 445
Volonteri, M. 2010, A&ARv, 18, 279
Yi, W.-M., Wang, F., Wu, X.-B., et al. 2014, ApJL, 795, L29
Zhang, J., Zhang, S.-N., & Liang, E.-W. 2013, ApJ, 767, 8

8

The Astrophysical Journal Letters, 898:L56 (8pp), 2020 August 1 Liao et al.

https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://orcid.org/0000-0001-6614-3344
https://doi.org/10.1088/0004-637X/799/2/143
https://ui.adsabs.harvard.edu/abs/2015ApJ...799..143A/abstract
https://doi.org/10.1126/science.1169101
https://ui.adsabs.harvard.edu/abs/2009Sci...323.1688A/abstract
https://doi.org/10.1038/nature08841
https://ui.adsabs.harvard.edu/abs/2010Natur.463..919A/abstract
https://doi.org/10.3847/1538-4365/ab6bcb
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...33A/abstract
https://doi.org/10.3847/2041-8213/aa5fff
https://ui.adsabs.harvard.edu/abs/2017ApJ...837L...5A/abstract
https://doi.org/10.1051/0004-6361/201321721
https://ui.adsabs.harvard.edu/abs/2013A&A...556A..71A/abstract
https://doi.org/10.3847/1538-4357/aab435
https://ui.adsabs.harvard.edu/abs/2018ApJ...856..105A/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.1745-3933.2007.00413.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.384L..19B/abstract
https://doi.org/10.1088/1538-3873/aaecbe
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8002B/abstract
https://doi.org/10.1086/317791
https://ui.adsabs.harvard.edu/abs/2000ApJ...545..107B/abstract
https://ui.adsabs.harvard.edu/abs/2000ApJ...545..107B/abstract
https://doi.org/10.1146/annurev-astro-081817-051948
https://ui.adsabs.harvard.edu/abs/2019ARA&A..57..467B/abstract
https://ui.adsabs.harvard.edu/abs/1978bllo.conf..328B/abstract
https://doi.org/10.1088/0004-637X/756/1/13
https://ui.adsabs.harvard.edu/abs/2012ApJ...756...13B/abstract
https://doi.org/10.1088/1538-3873/128/969/114502
https://ui.adsabs.harvard.edu/abs/2016PASP..128k4502C/abstract
https://doi.org/10.1093/mnras/stv2452
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.1881D/abstract
https://doi.org/10.1086/173251
https://ui.adsabs.harvard.edu/abs/1993ApJ...416..458D/abstract
https://doi.org/10.1093/mnras/273.3.583
https://ui.adsabs.harvard.edu/abs/1995MNRAS.273..583D/abstract
https://doi.org/10.3847/1538-4357/aab09d
https://ui.adsabs.harvard.edu/abs/2018ApJ...856...80F/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/10.1111/j.1365-2966.2010.16449.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405..387G/abstract
https://doi.org/10.1093/mnrasl/slu032
https://ui.adsabs.harvard.edu/abs/2014MNRAS.440L.111G/abstract
https://doi.org/10.1093/mnrasl/slt041
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432L..66G/abstract
https://doi.org/10.1038/nature13856
https://ui.adsabs.harvard.edu/abs/2014Natur.515..376G/abstract
https://doi.org/10.1088/1538-3873/ab006c
https://ui.adsabs.harvard.edu/abs/2019PASP..131g8001G/abstract
https://ui.adsabs.harvard.edu/abs/2019PASP..131g8001G/abstract
https://doi.org/10.1051/0004-6361/200811571
https://ui.adsabs.harvard.edu/abs/2009A&A...498...89G/abstract
https://doi.org/10.1088/0004-637X/807/1/79
https://ui.adsabs.harvard.edu/abs/2015ApJ...807...79H/abstract
https://doi.org/10.1086/523302
https://ui.adsabs.harvard.edu/abs/2008ApJS..175...97H/abstract
https://doi.org/10.1046/j.1365-8711.1998.01368.x
https://ui.adsabs.harvard.edu/abs/1998MNRAS.294L...7H/abstract
https://doi.org/10.1093/mnras/273.1.L63
https://ui.adsabs.harvard.edu/abs/1995MNRAS.273L..63H/abstract
https://ui.adsabs.harvard.edu/abs/1995MNRAS.273L..63H/abstract
https://doi.org/10.1126/science.aat1378
https://ui.adsabs.harvard.edu/abs/2018Sci...361.1378I/abstract
https://ui.adsabs.harvard.edu/abs/2018Sci...361.1378I/abstract
https://doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://doi.org/10.1086/115207
https://ui.adsabs.harvard.edu/abs/1989AJ.....98.1195K/abstract
https://doi.org/10.1088/0004-637X/801/1/8
https://ui.adsabs.harvard.edu/abs/2015ApJ...801....8K/abstract
https://doi.org/10.3847/1538-4357/aaa3fb
https://ui.adsabs.harvard.edu/abs/2018ApJ...853..159L/abstract
https://doi.org/10.1088/0004-637X/783/2/83
https://ui.adsabs.harvard.edu/abs/2014ApJ...783...83L/abstract
https://doi.org/10.3847/2041-8213/ab2893
https://ui.adsabs.harvard.edu/abs/2019ApJ...879L...9L/abstract
https://doi.org/10.3847/2041-8213/aae20d
https://ui.adsabs.harvard.edu/abs/2018ApJ...865L..17L/abstract
https://doi.org/10.3847/0067-0049/226/2/17
https://ui.adsabs.harvard.edu/abs/2016ApJS..226...17L/abstract
https://doi.org/10.1117/12.2248371
https://ui.adsabs.harvard.edu/abs/2016SPIE10154E..2AL/abstract
https://doi.org/10.1146/annurev-astro-081913-040044
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..725M/abstract
https://doi.org/10.1086/186531
https://ui.adsabs.harvard.edu/abs/1992ApJ...397L...5M/abstract
https://doi.org/10.3847/1538-4357/ab65f5
https://ui.adsabs.harvard.edu/abs/2020ApJ...889..164M/abstract
https://doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M/abstract
https://doi.org/10.1051/0004-6361:200810161
https://ui.adsabs.harvard.edu/abs/2009A&A...495..691M/abstract
https://doi.org/10.1086/117627
https://ui.adsabs.harvard.edu/abs/1995AJ....110.1551M/abstract
https://doi.org/10.1086/177068
https://ui.adsabs.harvard.edu/abs/1996ApJ...461..396M/abstract
https://ui.adsabs.harvard.edu/abs/2020AAS...23537215M/abstract
https://doi.org/10.1086/310787
https://ui.adsabs.harvard.edu/abs/1997ApJ...484L..95M/abstract
https://doi.org/10.1088/0067-0049/199/2/31
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...31N/abstract
https://doi.org/10.1086/666978
https://ui.adsabs.harvard.edu/abs/2012PASP..124..854O/abstract
https://doi.org/10.3847/1538-4365/aaa7fd
https://ui.adsabs.harvard.edu/abs/2018ApJS..235....4O/abstract
https://doi.org/10.1051/0004-6361/201322691
https://ui.adsabs.harvard.edu/abs/2014A&A...563A..54P/abstract
https://doi.org/10.1093/mnras/254.4.655
https://ui.adsabs.harvard.edu/abs/1992MNRAS.254..655P/abstract
https://doi.org/10.1051/0004-6361/201321591
https://ui.adsabs.harvard.edu/abs/2014A&A...571A..16P/abstract
https://doi.org/10.1086/508216
https://ui.adsabs.harvard.edu/abs/2006AJ....132.1959R/abstract
https://doi.org/10.1086/423201
https://ui.adsabs.harvard.edu/abs/2004ApJ...610L...9R/abstract
https://doi.org/10.1111/j.1745-3933.2012.01332.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426L..91S/abstract
https://doi.org/10.1051/0004-6361/201016145
https://ui.adsabs.harvard.edu/abs/2011A&A...532A.150S/abstract
https://ui.adsabs.harvard.edu/abs/2011A&A...532A.150S/abstract
https://doi.org/10.1086/431156
https://ui.adsabs.harvard.edu/abs/2005AJ....130..367S/abstract
https://doi.org/10.1086/173633
https://ui.adsabs.harvard.edu/abs/1994ApJ...421..153S/abstract
https://doi.org/10.1146/annurev.astro.35.1.445
https://ui.adsabs.harvard.edu/abs/1997ARA&A..35..445U/abstract
https://doi.org/10.1007/s00159-010-0029-x
https://ui.adsabs.harvard.edu/abs/2010A&ARv..18..279V/abstract
https://doi.org/10.1088/2041-8205/795/2/L29
https://ui.adsabs.harvard.edu/abs/2014ApJ...795L..29Y/abstract
https://doi.org/10.1088/0004-637X/767/1/8
https://ui.adsabs.harvard.edu/abs/2013ApJ...767....8Z/abstract

	1. Introduction
	2. Data Analysis and Results
	2.1. Fermi-LAT Data
	2.2. iPTF and ZTF Light-curve Data
	2.3. Implications of γ-Ray and Optical Variability

	3. Discussions and Summary
	References



