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ABSTRACT

We present a multi-wavelength study of four high redshift blazars, S5 0014+81

(z = 3.37), CGRaBS J0225+1846 (z = 2.69), BZQ J1430+4205 (z = 4.72), and

3FGL J1656.2−3303 (z = 2.40), using the quasi-simultaneous data fromSwift, NuS-

TAR, andFermi-Large Area Telescope (LAT) and also the archivalXMM-Newton ob-

servations. Other than 3FGL J1656.2−3303, none of the sources were known asγ-ray

emitters and our analysis of∼7.5 years of LAT data reveals the first time detection of

the statistically significantγ-ray emission from CGRaBS J0225+1846. We generate

the broadband spectral energy distributions (SED) of all the objects, centering at the

epoch ofNuSTAR observations and reproduce them using a one zone leptonic emission

model. The optical−UV emission in all the objects can be explained by the radiation

from the accretion disk, whereas, X-ray toγ-ray window of the SEDs are found to be

dominated by the inverse Compton scattering off the broad line region photons. All of

them host billion solar mass black holes. Comparing the accretion disk luminosity and

the jet power of these sources with a large sample of blazars,we find them to occupy

high disk luminosity-jet power regime. We also investigatethe X-ray spectral prop-

erties of the sources in detail with a major focus on studyingthe causes of soft X-ray

deficit, a feature generally seen in high redshift radio-loud quasars. We summarize

that this feature could be explained based on the intrinsic curvature in the jet emission

rather than due to external effects predicted in the earlierstudies, such as host galaxy

and/or warm absorption.

Subject headings: galaxies: active — gamma rays: galaxies — quasars: individual (S5

0014+81, CGRaBS J0225+1846, BZQ J1430+4205, and 3FGL J1656.2−3303) — galaxies:

jets
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1. Introduction

Blazars constitutes a special class of radio-loud active galactic nuclei (AGN) in which the

relativistic plasma shoots out from the central core of the galaxy, in the form of jets, towards the

line of sight to the observer. The flux enhancement due to special relativity and their peculiar

orientation (or so called relativistic beaming) makes blazars visible even at high redshifts (z >2)

and thus they can be used to explore the young Universe. Blazars are classified as flat spectrum

radio quasars (FSRQs) and BL Lac objects based on the rest-frame equivalent width (EW) of their

broad optical emission lines, with FSRQs having EW>5Å. Among blazars, FSRQs are known

uptoz >5 (e.g.,Romani et al. 2004).

The broadband spectral energy distribution (SED) of blazars exhibits a typical double hump

structure that is generally explained in terms of synchrotron (covering from radio to UV−X-rays)

and inverse Compton (IC, contributing from X-rays toγ-rays) emission from a single population

of energetic electrons present in the jet (e.g.,Ghisellini et al. 1998). It has been found that

with increasing luminosity the SED peaks shift to lower frequencies (Fossati et al. 1998). The

shift of the synchrotron peak to lower energies leaves the accretion disk radiation (the big blue

bump) naked and is observed in the optical-UV SEDs of many FSRQs (see, e.g.,Sbarrato et al.

2013a). On the other hand, the shift of the high energy peak from∼GeV to∼MeV band makes

the high redshift blazars brighter at hard X-rays than in theγ-ray band and this suggests that

hard X-ray telescopes are better instruments to constrain the non-thermal jet properties of high

redshift blazars (Ghisellini et al. 2010). Thanks to the excellent sensitivity of recently launched

hard X-ray focusing telescopeNuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al.

2013), it is now possible to explore the rising part of the Comptoncomponent of high redshift

FSRQs in detail. Furthermore, the recently released Pass 8 data fromFermi-Large Area Telescope

(Fermi-LAT) has an increased sensitivity at low energies (Atwood et al. 2013) which is important

for high redshift objects. Though weak in theγ-ray window of the SED, a significantγ-ray
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detection from high redshift FSRQs will further constrain the location of the IC peak and thus a

more accurate measurement of their physical properties.

In many high redshift quasars (and also in blazars) a spectral flattening at soft X-ray energies

have been noticed (E . 2 − 4 keV, see, e.g.,Eitan & Behar 2013, and references therein).

Earlier, it was attributed to the presence of absorbing material in the source environment, however,

the low level of optical-UV extinction observed in a number of sources is inconsistent with

this interpretation. A hypothesis of the presence of a ‘warmabsorber’ was also proposed to

explain the observed soft X-ray dip (e.g.,Worsley et al. 2004a,b). Based onSwift/GRB data,

Behar et al.(2011) proposed a diffuse intergalactic medium dominated absorption scenario.

However, this feature is more frequently observed in radio-loud quasars than radio-quiet objects

(e.g.,Eitan & Behar 2013) and thus requires a connection between X-ray absorption and jet

linked activities. More recently, it has been argued that the observed X-ray flattening could be

due to low-energy roll-off of the external Compton (EC) process (e.g.,Ghisellini et al. 2007;

Tavecchio et al. 2007; Foschini 2009).

Here we present the results of a multi-wavelength study of the four high redshift FSRQs,

namely, S5 0014+81 (hereafter J0014+81;z = 3.37), CGRaBS J0225+1846 (hereafter

J0225+1846;z = 2.69), BZQ J1430+4205 (hereafter J1430+4205;z = 4.72), and 3FGL

J1656.2−3303 (hereafter J1656−3303;z = 2.40). Our primary goal is to study the broadband

physical properties of these high redshift blazars with a major focus on their X-ray characteristics.

All of them have been observed fromNuSTAR along with the simultaneous monitoring from

Swift (Gehrels et al. 2004), thus providing a unique opportunity to study their 0.3−79 keV X-ray

properties. It should be noted that the objects J0014+81 andJ0225+1846 have recently been

studied bySbarrato et al.(2015) using the same data set. Our findings are similar to them but

we also include the recentXMM-Newton andFermi-LAT observations and place more emphasis

on the X-ray spectral properties. In Section2, we briefly report the basic information about all
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the four blazars. Section3 is devoted to the adopted data reduction procedures and the obtained

results are presented in Section4. We discuss our findings in Section5 and conclude in Section6.

We use aΛCDM cosmology with the Hubble constantH0 = 71 km s−1 Mpc−1, Ωm = 0.27, and

ΩΛ = 0.73.

2. General Physical Properties

Kuehr et al.(1981) first reported the discovery of J0014+81 and subsequently noted it as

an optically luminous quasar (Kuhr et al. 1983). Very long baseline interferometry observations

reveals the marginal detection of superluminal patterns (Piner et al. 2012) and also its optical

radiation is not polarized (Wills et al. 2011). Ghisellini et al.(2009) derived its central black hole

mass to be as high as∼4× 1010 M⊙, however, later it was found to be significantly overestimated

(Sbarrato et al. 2015). J0014+81 is included in 70 monthsSwift-Burst Alert Telescope (BAT) hard

X-ray catalog (Baumgartner et al. 2013) and was observed byNuSTAR on 2014 December 18 and

2015 January 23.

J0225+1846 was discovered as a flat spectrum radio bright object byLawrence et al.

(F5 GHz = 595 mJy;1983). Subsequently, it was identified as a high redshift blazar in theROSAT

Bright Survey (Schwope et al. 2000). Its is a hard X-ray bright source and is included in the 70

monthsSwift-BAT catalog. It was observed byNuSTAR on 2014 December 24 and 2015 January

18 along with the simultaneous monitoring fromSwift. Moreover, two∼100 ksec observations

were done usingXMM-Newton (Jansen et al. 2001) in 2013 January. This source is not present in

anyγ-ray catalogs but was postulated as a candidateγ-ray emitting blazar byHealey et al.(2008).

At a redshift of 4.72, J1430+4205 is a radio-loud (F5 GHz = 230 mJy;Helmboldt et al. 2007)

and an extremely X-ray luminous blazar (e.g.,Fabian et al. 1997, 1998; Hook & McMahon 1998).

Fabian et al.(1999) reported the detection of a significant radio and X-ray flux variability from
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this source and postulated the presence of∼billion solar mass black hole at the center. Later,

XMM-Newton observations confirmed the presence of soft X-ray flatteningin the X-ray spectrum

of this object (Worsley et al. 2004a), a feature typically observed in many high redshift radio-loud

quasars (e.g.,Page et al. 2005). J1430+4205 was monitored byNuSTAR on 2014 July 14, thereby

making it the second most distant source observed byNuSTAR after B2 1023+25 (z = 5.28;

Sbarrato et al. 2013b).

The source J1656−3303 was discovered with theSwift BAT during its first year of survey

operation (Okajima et al. 2006). This object lies close to the galactic plane (galactic latitude

∼6◦.3). Using theSwift X-ray Telescope (XRT;Burrows et al. 2005) observations,Tueller et al.

(2006) suggested it to be an extragalactic source. Later, a detailed multi-wavelength study of this

source was done byMasetti et al.(2008) with a major focus on its optical spectroscopic properties.

They confirmed the extragalactic nature of J1656−3303 and concluded it to be a high redshift

blazar atz = 2.40. It is included in the recently released third catalog ofFermi-LAT detected

sources (3FGL;Acero et al. 2015). It did not appear in the clean sample of the third catalog

of Fermi-LAT detected AGNs (3LAC;Ackermann et al. 2015) because of its close proximity

to the galactic plane. This source was simultaneously observed byNuSTAR andSwift on 2015

September 27.

3. Multiwavelength observations and Data Reduction

3.1. Fermi-Large Area Telescope Observations

Three out of four sources studied here, J0014+81, J0225+1846, and J1430+4205, are not

present in anyγ-ray catalogs. Therefore, by utilizing the availability ofrecently released Pass

8 data fromFermi-LAT, we not only study theγ-ray properties of the knownγ-ray emitter

J1656−3303 but also search for the possible detection of remainingthree sources in the LAT
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energy range. We consider the first 89 months ofFermi-LAT data (MJD 54683−57391 or

2008 August 4 to 2016 January 4) and follow the standard procedure as described in the online

documentation1. In the energy range of 0.1−300 GeV, we select only events belonging to

SOURCE class (corresponding toevclass=128) and use a relational filter “DATA QUAL>0”,

&& “ LAT CONFIG==1” to select good time intervals. To avoid the contamination from Earth

limb γ-rays, we reject all the events with zenith angle larger than90◦. We define the region of

interest (ROI) as a circle of 15◦ radius centered at the target source to perform the likelihood

fitting. All the objects lying within the ROI and present in 3FGL catalog are considered and

the spectral parameters of those lying within 10◦ are left free to vary during the fitting. The

parameters of remaining sources are fixed to the 3FGL catalogvalues. We use a binned likelihood

method and compute the significance of theγ-ray signal by means of the maximum likelihood

(ML) test statistic TS = 2∆ log(L) whereL represents the likelihood function, between models

with and without a point source at the position of the source (Mattox et al. 1996). To search for

the presence of additional faint objects that could be present in the data but not in 3FGL catalog,

we generate the residual TS maps, after performing the first round of likelihood fitting. If present,

these newly detected objects are then modeled with a power law model and another round of

fitting is performed. We generate another residual TS map to ascertain that no sources are left to

model. We then removed all the sources having TS<25 to perform further temporal and spectral

studies. To generate both light curve and spectrum, the source is considered to be detected if

TS>9. For bins with TS<9 and or∆Fγ/Fγ > 0.5, where∆Fγ is the error estimate in the fluxFγ,

we calculate 2σ upper limit. In this work, all the errors associated with theLAT data analysis are

1σ statistical uncertainties, unless specified.

1http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
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3.2. NuSTAR Observations

The blazar J0014+81 was monitored two times byNuSTAR each on 2014 December 21 (obs

ID 60001098002) and 2015 January 23 (obs ID 60001098004) fora net exposure of 36.4 ksec

and 31 ksec, respectively. J0225+1846 was also observed twice, each on 2014 December 24 (obs

ID 60001101002) and 2015 January 18 (obs ID 60001101004) fornet exposure times of 32.0

and 37.5 ksec, respectively. J1430+4205 was monitored on 2014 July 14 (obs ID 60001103002)

for 49.2 ksec, whereas, J1656−3303 was observed byNuSTAR on 2015 September 27 (obs ID

60160657002) for a net exposure time of 21.1 ksec.

The downloaded data sets for Focal Plane Module A (FPMA) and Focal Plane Module B

(FPMB) are analyzed using theNuSTAR Data Analysis Software (NUSTARDAS) version 1.5.1.

The tasknupipeline is used to clean and calibrate the events data files using standard filtering

criteria andNuSTAR CALDB updated on 2015 October 8. Source and background spectra, along

with the ancillary and response matrix files, are generated using the tasknuproducts. To

generate the source spectrum, we select the source region asa circle of 30′′ radius centered at the

target source. Background spectrum is extracted from a circular region of 70′′ on the same chip,

free from source contamination. We bin the source spectrum to have a signal-to-noise ratio of 6,

and oversample the spectra by a factor of 3.

3.3. XMM-Newton Observations

J0014+81 was observed withXMM-Newton on 2001 August 23, for a net exposure of

42.9 ksec (obs ID 0112620201). J0225+1846 was observed three times, once in 2003 (July 25, obs

ID 0150180101) and twice in 2013 (January 13 and 15, obs IDs 0690900101 and 0690900201),

for exposures of 22.2, 108.0, and 96.7 ksec, respectively. J1430+4205 was also observed three

times, on 2002 December 09 (obs ID 0111260101), 2003 January17 (obs ID 0111260701), and
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2005 June 05 (obs ID 0212480701) for exposures of 18.9, 14.6 and 19.7 ksec. Finally, J1656-3303

was observed on 2009 September 11 (obs ID 0601741401) for netexposure of 22.6 ksec.

We use theXMM-Newton Science Analysis Software (SAS) version 15.0.0 to reduce the

data. We use thergsproc task to reduce the RGS spectra and theepproc task to produce

the EPIC-pn event files, which we then filter for high background usingevselect. We extract

source spectra from 30′′ circular regions, and background spectra from 60′′ circular regions on

the same chip, avoiding contaminating sources. The spectraare binned usingspecgroup to a

signal-to-noise ratio of 6, after background subtraction,and to oversample the data by a factor of

3.

3.4. Swift Observations

Swift observations were carried out in conjunction withNuSTAR monitoring for all four

blazars. It observed J0014+81 on 2014 December 21 (obs ID 00080003001, net exposure 6.5

ksec) and 2015 January 23 (obs ID 00080003002, net exposure 6.6 ksec). The source J0225+1846

was monitored on 2014 December 24 (obs ID 00080243001, net exposure 4.9 ksec) and 2015

January 18 (obs ID 00080243002, net exposure 5.1 ksec).Swift observed J1430+4205 on 2014

July 13 (obs ID 00080752002, net exposure 7.5 ksec) and J1656−3303 on 2015 September 27

(obs ID 00081202001, net exposure 6.8 ksec).

Swift-XRT observations of all the sources were carried out using the most sensitive photon

counting mode (standard grade selection 0−12). The event files are calibrated and cleaned

with the taskxrtpipeline and using latest calibration files. Calibrated and cleaned event

files are summed usingxselect and the resultant summed event files are used to extract

energy spectrum. We select the source region as a circle of 55′′ radius, whereas, events for the

background spectra are extracted from an annular ring with inner and outer radii of 110′′ and 210′′,
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respectively, both centered at the position of the source ofinterest. We combine the exposure maps

using the toolximage which takes into account for CCD defects and PSF losses and generate the

ancillary response files usingxrtmkarf. The source spectra are binned to have a signal-to-noise

ratio of 6.

The Swift UltraViolet Optical Telescope (UVOT;Roming et al. 2005) has observed the

sources of interest in all the six filters (V ,B,U , W1,M2, andW2). To improve the signal to noise

ratio, we add the UVOT snapshots using the tooluvotimsum. The source counts are extracted

from a circular region of 5′′ centered at the source of interest, while background is selected as a

circle of 30′′ radius from a nearby source-free region. The taskuvotsource is used to extract

the magnitudes which are then corrected for Galactic reddening (Schlafly & Finkbeiner 2011).

The de-absorbed magnitudes are converted to flux units usingthe zero point and calibrations of

Breeveld et al.(2011).

4. Results

4.1. Gamma-ray Properties

None of the blazars under consideration, except J1656−3303, are present in anyγ-ray

catalogs. Therefore, using the good quality Pass 8 LAT data,which is more sensitive at low

energies, we search for possibleγ-ray signal from all the four sources. This is done by performing

an average analysis of∼7.5 years of LAT data. Other than J1656−3303, we find a statistically

significantγ-ray emission from J0225+1846 (TS≈188,∼13σ detection). To ensure that the

observedγ-ray emission is associated with target blazars and not withany other unmodeled

objects lying close to the sources of interest, we generate their residual TS maps and show them

in Figure1. As can be seen, the residual TS map of J0225+1846 suggests for the presence of few

unmodeled sources (with TS>25) and we properly consider them in the analysis. The residual
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TS map of the same field, after taking unmodeled objects into account, verifies that no other

sources (with TS>25) are left to model. Theγ-ray spatial location of J0225+1846 is optimized

using the toolgtfindsrc and derived as R.A., decl. = 36◦.177, 18◦.859 (J2000) with a 95%

error circle radius of 0◦.21 degrees. We cross check in NRAO VLA Sky Survey (Condon et al.

1998) for the presence of additional radio sources within the 95%contour and found a total of

10 sources with J0225+1846 being the brightest (F1.4GHz = 460.8 mJy). Then, we search in the

NASA/IPAC Extragalactic Database2 for multi-wavelength counterparts of these radio sources and

find no information for any objects other than J0225+1846. This indicates the close association of

J0225+1846 with theγ-ray emitter. Furthermore, the TS map of J1656−3303 does not reveal any

unmodeled sources and therefore the model used during the analysis is an accurate representation

of the observedγ-rays, with no newγ-ray point source being present. Apart from these, LAT data

analysis of J0014+81 and J1430+4205 resulted in TS = 1.47 and5.62, respectively. This suggests

the non-detection of J0014+81 and only a marginal∼2σ detection of J1430+4205 in theγ-ray

band. Two models, a power law (N(E) = N0(E/E0)
−Γγ , whereΓγ is the photon index) and a

logParabola (N(E) = N0(E/Epivot)
−α−β log(E/Epivot), whereα is the photon index atEpivot, β is

the curvature index, andEpivot is pivot energy fixed at 300 MeV) are applied to theγ-ray spectra

of J0225+1846 and J1656−3303. The results of the average LAT data analysis are presented in

Table1.

We also study theγ-ray temporal behavior of J0225+1846 and J1656−3303. This is done by

generating monthly binnedγ-ray light curves which we show in Figure2. Both of them are faint

in γ-rays and only a moderate brightening of J0225+1846 is seen around the beginning of 2013.

On the other hand, J1656−3303 is occasionally detected by LAT without any flaring activity.

2http://ned.ipac.caltech.edu/
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4.2. X-ray Properties

We fit theNuSTAR (3−79 keV),Swift-XRT (0.3−10 keV), andXMM-Newton (0.3−10 keV

for EPIC-pn and 0.5−2 keV for RGS) spectra usingXSPEC (Arnaud 1996) version 12.9.0j. In

all cases we include Galactic absorption, taken from the online tool ofWillingale et al.(2013),

of 2.19 × 1021 cm−2 for J0014+81,1.68 × 1021 cm−2 for J0225+1486,1.20 × 1020 cm−2 for

J1430+4205, and3.35 × 1021 cm−2 for J1656-3303. We usewilm abundances (Wilms et al.

2000) andvern cross sections (Verner et al. 1996).

4.2.1. Broad-band 0.3−79 keV spectra

The most useful spectra for determining the nature of the change in slope in the X-ray

band are the simultaneousSwift-XRT andNuSTAR spectra, which cover the energy range from

∼ 0.3–79 keV. We fit the same three models to each spectrum: a powerlaw absorbed by Galactic

absorption only (M1,tbabs * powerlaw in XSPEC); a powerlaw absorbed by Galactic absorption

and absorption intrinsic to the source (M2,tbabs * ztbabs * powerlaw); and a broken power-law,

absorbed by Galactic absorption only (M3,tbabs * bknpower). These correspond to a spectrum

with no curvature, a spectrum where the curvature is due to absorption of the source by the

host galaxy, and a spectrum where the curvature is intrinsic. Two of the sources (J0014+81 and

J0225+1846) were observed twice withNuSTAR andSwift. In the case of J0014+81 the two

spectra are indistinguishable, so we fit them simultaneously with the same model. For J0225+1846

the observations are further apart and show significant spectral evolution. We, therefore, fit them

simultaneously but allow the model parameters to vary between the two observations.

The best fit parameters for each model and object are given in Table2 and the fit residuals are

shown in Figure3. In each case, the quality of the fit improves from M1–M3, withthe absorbed

power-law preferred over the unabsorbed power-law, and thebroken power-law better still. The
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improvement inχ2 from switching from M2 to M3 is marginal for J0014+81, J1430+4205 and

J1656-3303, so we check the significance using an F-test. We find chance probabilities of 0.0003,

0.011 and 0.008, respectively (in all cases, the improvement obtained by switching from M1 to

M2 or M3 is significant at≫ 3σ).

We also consider the effect of ionized absorption (warm absorber) models. We replace the

neutral absorber in M2 with an ionized absorber (modelled using anXSTAR grid), and re-fit the

data for each source. This improves the fit significantly relative to the neutral absorber only

in J0225+1846 (χ2
ν = 1.04), with a column density ofNH = 5.5+1.7

−0.9 × 1023, and ionization

of log(ξ) = 2.8 ± 0.1 (the spectral variability between the two observations is mostly in the

power-law).

4.2.2. XMM-Newton

We next fit theXMM-Newton data for each object. We fit the EPIC-pn spectrum for each

source, fitting simultaneously but allowing parameters to vary independently when there are

multiple spectra. For J0225+1846, there are also high-resolution RGS spectra, which we include

in the fit with model parameters tied to those of the corresponding EPIC-pn spectrum. For this fit

we use the higher resolutiontbnew (Wilms et al. 2000).

As these observations are not taken simultaneously with a hard X-ray instrument the energy

band is significantly narrower, making it harder to detect spectral curvature. As such, additional

curvature is not significantly detected in one source, J0014+81. This spectrum is well fit with a

simple power-law model (M1,χ2/d.o.f. = 112/116) and the fit is not significantly improved by

either additional absorption or a spectral break.

The other three sources show evidence of spectral curvature, with a significant improvement

in the fit from M1 to M2 or M3. There is only a significant improvement from M2 to M3 in the



– 14 –

case of J1656−3303 (p=0.004). For J0225+1486 the improvement is marginal(p=0.1) and for

J1430+4205 the fit is slightly worse with M3 than M2, althoughnot significantly so. The data and

residuals to each model are shown in Figure4 and the parameters are given in Table3.

4.3. Spectral Energy Distributions

4.3.1. Model Setup

We use a simple one zone synchrotron and inverse Compton emission model fully described

in Ghisellini & Tavecchio(2009) and here we discuss it in brief. We assume the emission region

is a sphere of radiusRblob, located at a distanceRdiss from the central black hole, and moving with

a bulk Lorentz factorΓ. The emitting region is filled with relativistic electrons having a smooth

broken power law energy distribution of the following type

Q(γ) = Q0
(γb)

−n1

(γ/γb)n1 + (γ/γb)n2
. (1)

The size of the emission region is constrained by assuming itto cover entire jet cross-section with

semi opening angle of the jet as 0.1 rad. The magnetic field is considered as tangled and uniform

in the emission region. We consider several sources of thermal radiation externally to the jet:

(i) the direct radiation from the accretion disk; (ii) the X-ray corona sandwiching the accretion

disk, reprocessing a fractionfcor of the accretion disk luminosity (Ldisk), and having a cut-off

power law spectrum (Lcor(ν) ∝ ν−αcor exp(−ν/νc)); (iii) the broad line region (BLR), assumed to

reprocess a fractionfBLR of Ldisk from a spherical shell located at a distanceRBLR = 1017L
1/2
disk,45

cm, whereLdisk,45 is the disk luminosity in units of 1045 erg s−1; (iv) and the IR emission from

a dusty torus located at a distanceRtorus = 1018L
1/2
disk,45 cm and re-emit a fractionftorus of the

accretion luminosity. The spectra of both the BLR and the torus are assumed to be a blackbody

peaking at the rest-frame frequency of Lyman-α line (e.g.,Tavecchio & Ghisellini 2008) and

Ttorus, respectively, whereTtorus is the characteristic temperature of the torus. In the comoving
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frame, we appropriately evaluate the radiative energy densities of these components and used

them to derive the EC spectrum, and then transform into observer frame. We estimate the power

that the jet carries in the form of magnetic field (Pmag), radiation (Prad), relativistic electrons

(Pele), and cold protons (Pkin). The last quantity, i.e., the kinetic jet power, is derivedby assuming

equal number density of protons and relativistic electrons(e.g.,Celotti & Ghisellini 2008).

The flux produced by the accretion disk is estimated by assuming a standard

Shakura & Sunyaev(1973) disk having a multi-temperature radial profile as follows (Frank et al.

2002)

T =
3RSchLdisk

16πηaccσMBR3

[

1−

(

3RSch

R

)1/2
]1/4

, (2)

whereRSch is the Schwarzschild radius andηacc is the accretion efficiency. This is used to

reproduce the thermal radiation (the big blue bump) observed at optical-UV energies and it

constrains bothLdisk and the central black hole mass of the source. There are only two parameters

to be fitted, the accretion ratėMacc and the black hole mass, once we assume a typical value of the

accretion efficiency (ηacc = 10%). The former can be derived from the intrinsic accretion disk

luminosityLdisk = ηaccṀaccc
2 with Ldisk being an observable parameter (provided the peak of the

big blue bump is visible in the SED). This leaves only black hole mass as a free parameter and can

be calculated from the optical-UV SED fitting.

4.3.2. SED Modeling Results

The broadband SEDs of all the four blazars are generated using quasi-simultaneous data

from Swift, NuSTAR, andFermi-LAT. None of the sources are detected by LAT even at 3σ level

in the month ofNuSTAR observations and therefore we calculate their respective 2σ upper limits.

The generated SEDs are reproduced by the model presented in Section4.3.1. For modeling of the

SEDs, we adopt the following assumptions: the spectral shape of the X-ray corona emission is
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assumed to be flat (αcor = 1) and the cut-off energy is fixed at 150 keV (Ghisellini & Tavecchio

2009). Fractions of the accretion disk luminosity re-emitted bythe X-ray corona, the BLR, and

the dusty torus are considered asfcor = 0.3, fBLR = 0.1, andftorus = 0.5, respectively. The

results of the SED generation and modeling are presented in Figure5 and the associated modeling

parameters are given in Table4 and5.

5. Discussion

A study of the high redshift blazars offers a unique opportunity to understand the physical

properties of jetted sources at the extreme end of the accretion disk luminosity and the jet power.

Since blazars emit a major fraction of their bolometric luminosity in the form of high energy X-ray

andγ-ray radiation, it is important to have a good quality sensitive monitoring at these energies.

In this regard, the observations from the facilities likeFermi-LAT, NuSTAR, andXMM-Newton are

crucial to learn the radiative processes powering the jet ofthese distant sources.

5.1. Gamma-ray Emission

The high redshift blazars are, in general, weak in theγ-ray band because of thek-correction

effect (for increasing redshifts) and also due to intrinsicshift of the IC peak at lower frequencies

as their bolometric luminosity increases (e.g.,Ghisellini et al. 1998). Three out of four sources

studied here were never detected in theγ-ray band, thus supporting the above hypothesis.

However, thanks to the recently released Pass 8 data fromFermi-LAT, which is more sensitive at

lower energies and thus important for high redshift objects, it is now possible to search distant

blazars in theγ-ray band and constrain their SEDs in a far better way than in the past. We search

for the detection of significantγ-ray emission from all the four high redshift blazars studied in

this work (including J1656−3303 which is included in 3FGL catalog) and report J0225+1846 as a
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newly detectedγ-ray emitter at∼13σ significance. This is the first report of the discovery of the

γ-ray emission from this object and confirms the prediction ofHealey et al.(2008). We also find a

marginal∼2σ evidence for the detection of J1430+4205 atγ-ray energies. Moreover, we search

for temporal flux variations among J0225+1846 and J1656−3303 and find the former to exhibit a

low amplitudeγ-ray flare around the beginning of the year 2013 (see Figure2). This source has

also shown hints of spectral curvature in its∼7.5 years averageγ-ray spectrum.

5.2. Soft X-ray Flattening

A flattening of the soft X-ray spectrum is observed in all the four blazars considered in

this study. In fact, this feature is observed in several highredshift quasars (e.g.,Eitan & Behar

2013) and, in earlier studies, it was attributed to the presence of absorbing material intrinsic to

the source environment (e.g.,Fabian et al. 2001a,b). However, a low level of reddening observed

at optical-UV energies does not support the above hypothesis. This is because, in some cases,

the column densities derived from the X-ray spectral fittingreaches as high asNH ≈ 1023

cm−2 (Fabian et al. 2001a) and accordingly the reddening in the optical-UV band wouldbe

large (AV ∼ 100), which is against the observations. An alternative solution, so called ‘warm

absorber’, was proposed by invoking an extreme gas-to-dustratio, probably because of the high

ionization state of the objects (e.g.,Fabian et al. 2001a). On the other hand, the recent work by

Tavecchio et al.(2007) (see also,Ghisellini et al. 2007; Foschini 2009) suggests the soft X-ray

flattening to be originated from the jet emission.

Switching M2 to use an ionized absorber (modeled with anXSTAR grid) offers an improved

fit to the XRT/NuSTAR spectrum of J0225+1846, although still not as good as the fit with M3

(the broken power-law). Additionally, this model requiresan extremely high column density

(∼ 5 × 1023 cm−2) to account for the observed curvature in this spectrum. Thecombination of

ionization and high column density predicts very strong iron absorption lines around 6–7 keV in
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the rest frame, redshifted to just below theNuSTAR band (see Figure6). The strength of these

features is such that they would be easily detected by the more sensitive EPIC-pn spectrum or the

high resolution RGS spectrum in the case of J0225+1846.

More generally, there is a large disagreement between the column densities measured from

the broad-band XRT/NuSTAR spectra and theXMM-Newton spectra. The column densities

from the broad-band spectra are consistently several timeslarger (over 10 times in the case of

J1656−3303). If the spectral curvature is caused by absorption, these values should be the same,

or at least there should not be a consistent trend if the absorption is variable. However, if the

spectral curvature is more gradual and intrinsic to the source, then we would expect exactly this

trend, as more curvature is found in the broad-band spectra and thus a higher column is needed to

fit the data. A similar trend is observed with the broken power-law model (M3), where the break

energy is lower in theXMM-Newton spectra and the power-law indices are lower. This is exactly

as expected from fitting such a model to a smooth curve.

While it is always possible that the absorbing column to eachsource has changed between

theXMM-Newton andNuSTAR observations, it is extremely unlikely that all four sources would

change in the same manner. When combined with the better fits to the broad-band spectra found

using the broken power-law model, this is very strong evidence that the spectral curvature is not

caused by absorption, but is instead an intrinsic part of theblazar X-ray spectrum, thus confirming

the results obtained in earlier studies (Ghisellini et al. 2007; Tavecchio et al. 2007; Foschini 2009).

5.3. Jet Emission and the Soft X-ray Deficit

The broadband SEDs of all the four blazars can be well reproduced using a simple one zone

leptonic emission model (Figure5). Following the blazar sequence, their synchrotron peak lies

at sub-mm or at self-absorbed frequencies and this shiftingleaves the accretion disk spectrum
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visible at optical-UV energies. By modeling the optical-UVspectrum with a standard accretion

disk model, we constrained both the black hole masses and theaccretion luminosities in all the

four sources. All the objects are found to host more than a billion solar mass black holes at their

centers with the central black hole mass of J0014+81 is estimated as∼10 billion solar mass, thus

making it one of the most massive black holes ever found in radio-loud quasars beyond redshift

z = 3. For a consistency check, we compare the black hole masses obtained from SED modeling

approach with that from single epoch optical spectroscopicline information.Varshalovich et al.

(1987) reported the following relation using the optical spectroscopy of J0014+81.

MBH

RBLR
≈ 1.3× 1010 (

M⊙

pc
) (3)

Following Ghisellini & Tavecchio(2009), we find the BLR radius as∼1 parsec (see Table

4). This suggestsMBH ≈ 1.3 × 1010 M⊙ which is similar to that obtained from accretion disk

modeling. For J1430+4205, we use CIV line and continuum parameters from the Sloan Digital

Sky Survey data archive and adopt the empirical relations ofShen et al.(2011). This gives the

central black hole mass as∼1.7×109 M⊙ which agrees within a factor of two to that derived

by SED modeling approach. We consider the published CIV line parameters fromMasetti et al.

(2008) and the derived black hole mass of J1656−3303 is∼6.3× 108 M⊙ which reasonably

matches within a factor of three to that obtained from modeling. On the other hand, we could not

get any spectroscopic line information in literature for J0225+1846. Furthermore, the accretion

disk is also found to be extremely luminous in all the sourceswith Ldisk > 1046 erg s−1. The

level of synchrotron emission is constrained from the archival radio data and is kept low enough

so as not to overproduce the observed IR-optical-UV SED. Another deciding factor is that we

needed enough injected electron power to reproduce the highenergy X-ray toγ-ray SED via

IC mechanism. Furthermore, in all the sources, the 0.3−79 keV X-ray spectra are very hard

and the associatedγ-ray spectra are steeply falling, as expected from high redshift blazars. We

interpret the entire X-ray toγ-ray SED as a result of EC mechanism with the BLR as a primary
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reservoir of the seed photons. This sets the location of the emission region within the BLR in

all the four objects, a feature generally seen in many high redshift FSRQs (e.g.,Ghisellini et al.

2010). We constrain the spectral indices of the underlying electron population by reproducing the

X-ray spectra and also by keeping into consideration the upper limits observed at LAT energies.

Moreover, though not used for modeling, the long time average Fermi-LAT spectra assist us in

having an idea about the typical shape of the falling part of the EC process.

In our sample of four blazars, two of them, J0014+81 and J0225+1846, were contempora-

neously observed byNuSTAR andSwift in 2014 December and 2015 January. This, more than

one episodes of monitoring, enables us to study the possiblevariations in their SEDs. As can be

seen in Figure5, the SED of J0014+81 does not show any variation between these two epochs

and, in fact, is similar to archival observations. On the other hand, J0225+1846 became faint in

2015 January compared to 2014 December. It should be noted that the slopes of the falling EC

spectrum in both the activities states are primarily decided by theFermi-LAT upper limits (and

with NuSTAR observations which controls the EC peak), but we also keep inmind its typical

γ-ray spectral shape as revealed by long time average LAT spectrum (Figure5). An interesting

observation is the detection of low value of theγ-ray flux upper limit at the time of the high X-ray

state (2014 December, see also, Figure2), which makes the falling EC spectrum to be steeper

(Figure5). In 2015 January observation, on the other hand, J0225+1846 was in a relatively low

X-ray state but the obtained upper limit indicates it to be slightly brighter inγ-rays, thus making

the EC spectrum flatter atγ-ray energies. Now, on comparing these two SEDs and also noting that

theNuSTAR spectrum is harder in brighter state, we find that during the high activity phase, the

EC peak shifted to lower frequencies, in accordance with thetraditional blazar sequence.

It is interesting to compare the physical properties of these four high redshift blazars with

other blazars at similar redshifts and also with comparatively nearby objects. The main motivation

here is to search for any possible trend or evolution of the physical parameters, such as theLdisk
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and total jet power (Pjet) over cosmic history of time and also to check the relative position of

the four sources studied here. With this in mind, we collectLdisk andPjet values of all the 226

objects studied byGhisellini et al.(2014), covering up to redshift 3.04. For higher redshift objects,

we choose those sources from BZCAT (Massaro et al. 2015) that havez >3.04, exhibit a hard

X-ray spectrum (X-ray photon index<1.7,see, e.g.,Saez et al. 2011), and are highly radio-loud3

(radio-loudness factorR >100, e.g.,Kellermann et al. 1989). We then perform the broadband

SED modeling of all these objects using the same leptonic emission model. We plot the variation

of Ldisk andPjet with respect to the redshift and show them in the top panels ofFigure7. We also

present a plot betweenLdisk andPjet in the bottom left panel of Figure7. Moreover, we over plot

all the four sources considered in this work (including boththe activity states of J0225+1846).

We find a positive correlation betweenLdisk andPjet with redshift, respectively, and also between

themselves (Figure7). This is not unexpected because at higher redshifts, only the most powerful

objects are visible. However, there are few points worth noticing. First,Ldisk increases upto a

redshift of∼3−3.5 and after that it appears to saturate around 1047 erg s−1. Second, the similar

behavior is visible inPjet versus redshift plot, where beyond redshift 4,Pjet tend to deviate more

towards the lower power from the best linear fit. A comparisonof the slopes obtained from the

best linear fitting ofLdisk andPjet versus redshift indicates thatPjet does not increases at the

same rate asLdisk. In fact, the visual inspection suggests a relatively decrease inPjet for z >3

objects. These findings are further confirmed inLdisk versusPjet plot, where slope of the obtained

linear fit (0.56± 0.03) is steeper than that derived byGhisellini et al.(2014). As can be seen in

Figure7, the change of slopes has occurred due to high redshift (z >3) blazars to occupy high

Ldisk and relatively lowPjet regime. In other words, thoughPjet > Ldisk is true for relatively low

3The selection of the sources from BZCAT is the part of our ongoing investigation of the phys-

ical properties of high redshift quasars and the details of the analysis will be presented in a forth-

coming publication.
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redshift blazars (Ghisellini et al. 2014) but the same may not hold for blazars beyond redshift

3 or 4. However, we caution that a strong claim cannot be made because of two reasons: (i)

blazars beyond redshift 4 are primarily discovered in IR-optical surveys (e.g.,Yi et al. 2014)

and thus are relatively bright in the optical band, implyingmore luminous accretion disk, even

though having moderate power jets, and (ii) it is difficult toprecisely measure the jet power in

blazars beyond redshift 3 due to lack of good quality high energy X-ray andγ-ray observations.

None of the sources, beyond redshift 3.04, are present in 3FGL catalog and only few of them

are having sensitive X-ray data from facilities likeNuSTAR. This could be the reason of the

observed large scatter inPjet for blazars beyond redshift 3. Observations fromNuSTAR are crucial

to confirm/reject the trend seen in Figure7. On a different note, it is also of great interest to

consider another class of AGN with powerful relativistic jets, the radio-loud narrow line Seyfert 1

(RL-NLSy1) galaxies. The detection of significantγ-ray emission from some of these RL-NLSy1

galaxies have confirmed the idea that these sources too host powerful relativistic jets similar to

blazars (see, e.g.,Foschini 2012, for a review). We collect theLdisk andPjet information for a

sample of RL-NLSy1 galaxies studied byFoschini et al.(2015) and plot them along with the

known blazars in the bottom right panel of Figure7. As can be seen, the RL-NLSy1 galaxies do

not follow theLdisk − Pjet correlation seen among blazars and occupy a distinct regionwhere

there jet power is considerably lesser than blazars and the disk luminosity is comparable to low

jet power blazars. These objects are known to have a high accretion rate (e.g.,Zhou et al. 2006)

but host a relatively low power jet, possibly due to harboring low mass black holes4. Considering

the four sources studied here, we find them to occupy a place inLdisk versusPjet plot where their

jet power exceeds the accretion luminosities, except for J0014+81. Furthermore, in the redshift

evolution diagram, they appear to follow the common trend with no major exception.

4However, once normalized by the black holes mass, the jet powers of RL-NLSy1 galaxies are

consistent with blazars, indicating the scalability of thejet (Foschini et al. 2015).
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The soft X-ray deficit observed in many jetted sources can also be reproduced by the intrinsic

curvature of the EC emission from the jet (see, e.g.,Ghisellini et al. 2007; Tavecchio et al. 2007;

Sambruna et al. 2007; Tavecchio & Ghisellini 2008; Foschini 2009). In fact, the SED model used

to reproduce the broadband spectrum of a high redshift blazar do predicts a smooth flattening

of the X-ray spectrum below few keV, although the accurate measurement of the shape and the

location of the break depends on the SED parameters and also on the ambient photon distribution

(e.g.,Tavecchio et al. 2007). Below the break, the EC slope reflects the shape of the seed photon

distribution (F (ν) ∝ ν2 for a blackbody distribution). To emphasize more, we plot anabsorbed

power law spectrum with redshifted column densityNH = 1.5× 1023 cm−2 and an EC spectrum,

for a source located at a redshift of 2.4 and moving withΓ = 20, in Figure8. As discussed above,

a break in the EC spectrum is visible at a frequency ofνbreak ≃ νseedΓ
2γ2

min/(1 + z), where

νseed is the peak frequency of the ambient photon field providing seed photons for IC scattering.

Assuming BLR photon field as a predominant source of seed photons (νseed = νLy−α) and fixing

the minimum energy of the underlying electron population toγmin = 1, we find that the break

frequency depends only on the bulk Lorentz factor. The shapes of both the spectra are quite similar

down to∼1−2 keV (which will be lower for higher redshift objects), as can be seen in Figure

8. Below this energy, EC asymptotically follows a spectrum∝ ν2 (reflecting the slope of the

ambient photons), while intrinsically absorbed power law drops exponentially. Now, to compare

these theoretical arguments with the observations, we plotthe zoomed version of the X-ray part of

the modeled SED of J1656−3303 in Figure8. Both the models, discussed above, can reasonably

fit the data. However, based on our study (see Section5.2), the hypothesis of host galaxy/warm

absorption can be rejected. This leaves the presence of intrinsic curvature in the jet emission as

the most plausible explanation of the soft X-ray deficit in the high redshift blazars and confirms

the results of the earlier studies (e.g.,Ghisellini et al. 2007; Tavecchio et al. 2007; Foschini 2009).
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6. Summary

In this paper, we study the broadband physical properties offour high redshift blazars namely,

J0014+81, J0225+1846, J1430+4205, and J1656−3303. We summarize our findings below.

1. A statistically significantγ-ray emission has been detected from J0225+1846, confirming

earlier predictions of this object as aγ-ray emitter.

2. The broadband SEDs of all the four blazars are typical of their high redshift counterparts

with optical-UV emission is dominated by the accretion diskradiation and high energy

X-ray toγ-ray spectra are dominated by jet emission processes.

3. All the sources are found to host more than a billion solar mass black holes at their centers

and their accretion disk luminosity exceeds 1046 erg s−1. Moreover, they occupy the high

end of theLdisk-Pjet correlation.

4. A detailed investigation of the joint XRT/NuSTAR spectral fitting (and also RGS spectral

fitting of J0225+1846) favors the jet based origin of the observed soft X-ray flattening in

high redshift blazars rather than due to external effects, such as host galaxy absorption

and/or warm absorber.

5. Overall, the blazars beyond redshift 3 are tend to deviatefrom the known one-to-one

accretion-jet correlation, however, further observations from facilities, e.g.,NuSTAR, are

necessary to confirm/reject this hypothesis.
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Table 1: Results of the LAT data analysis of high redshift blazars studied in this work, covering the

first ∼7.5 years ofFermi operation. Col. [1]: Object name; Col.[2]: model used (PL: power law,

LP: logParabola); Col.[3]: integratedγ-ray flux (0.1−300 GeV), in units of 10−8 ph cm−2 s−1,

UL corresponds to the 2σ upper limit; Col.[4] and [5]: spectral parameters (see definitions in the

text); Col.[6]: test statistic; and Col.[7]: curvature of test statistic

Name Model F0.1−300 GeV Γ0.1−300 GeV/α β TS TScurve

[1] [2] [3] [4] [5] [6] [7]

J0014+81 PL 0.15 (UL) — 1.47

LP — — — — —

J0225+1846 PL 2.65± 0.21 2.99± 0.09 188.43

LP 2.49± 0.25 2.86± 0.14 0.45± 0.21 195.51 9.82

J1430+4205 PL 0.42 (UL) — 5.62

LP — — — — —

J1656−3303 PL 4.37± 0.32 2.87± 0.07 207.21

LP 4.37± 0.31 2.87± 0.06 0.00± 0.00 207.21 0.00
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Table 2: Fit parameters from the jointNuSTAR–XRT spectra. Column densities are in units of

1022 cm−2.

Source Model Γ NH Ebreak Γ2 χ2
ν/d.o.f.

J0014+81 M1 1.60± 0.01 1.19/206

M2 1.67± 0.02 4± 1 1.03/205

M3 1.2± 0.1 2.3+0.7
−0.4 1.70± 0.02 0.97/204

J0225+1846

(60001101002) M1 1.40± 0.01 1.84/667

M2 1.51± 0.01 6.4± 1 1.15/675

M3 1.00± 0.05 4.3± 0.4 1.54± 0.02 1.03/673

(60001101004) M1 1.47± 0.01 1.84/6671

M2 1.65± 0.02 13± 2 1.15/6751

M3 1.01+0.04
−0.06 4.5+0.5

−0.7 1.67± 0.03 1.03/6731

J1430+4205 M1 1.45± 0.02 1.20/78

M2 1.51± 0.03 7+3
−2 1.10/77

M3 1.3+0.1
−0.4 5+2

−3 1.59+0.08
−0.06 1.03/76

J1656−3303 M1 1.42± 0.02 1.63/95

M2 1.58± 0.03 11± 1 1.03/94

M3 0.8± 0.2 2.2± 0.3 1.60± 0.03 0.97/93

1Theχ2 values are identical for the two observations of J0225+1486because the spectra are fit

simultaneously.
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Table 3: Fit parameters from theXMM-Newton spectra. Column densities are in units of1022 cm−2.

Source Model Γ NH Ebreak Γ2 χ2
ν
/d.o.f.

J0014+81 M1 1.49± 0.01 0.97/116

J0225+1846

(0150180101) M1 1.292± 0.003 3.29/1062

M2 1.401± 0.004 1.43± 0.05 1.12/1059

M3 0.83± 0.02 1.04± 0.02 1.383± 0.004 1.12/1056

(0690900101) M1 1.312± 0.003 3.29/10621

M2 1.425± 0.005 1.45± 0.05 1.12/10591

M3 0.93± 0.02 1.18± 0.03 1.42± 0.01 1.12/10561

(0690900201) M1 1.139± 0.005 3.29/10621

M2 1.22± 0.01 1.3± 0.1 1.12/10591

M3 0.75± 0.05 1.07± 0.06 1.21± 0.01 1.12/10561

J1430+4205

(0111260101) M1 1.70± 0.07 1.06/150

M2 1.9± 0.1 2± 1 0.80/147

M3 < 1.5 0.5+0.4

−0.1 1.8± 0.1 0.82/144

(0111260701) M1 1.60± 0.02 1.06/1501

M2 1.71± 0.03 1.9± 0.4 0.80/1471

M3 1.1+0.3

−1.0 0.7+0.3

−0.2 1.68+0.05

−0.03 0.82/1441

(0212480701) M1 1.41± 0.02 1.06/1501

M2 1.49± 0.03 1.7± 0.5 0.80/1471

M3 < 0.95 0.6± 0.1 1.46± 0.02 0.82/1441

J1656−3303 M1 1.12± 0.01 1.08/130

M2 1.17± 0.02 0.9± 0.3 0.99/129

M3 0.93± 0.05 1.6± 0.2 1.18± 0.02 0.94/128

1Theχ2 values are identical for the three observations of J0225+1486 and J1430+4205 because the spectra are fit

simultaneously. Additionally, for J0225+1486 source we include the RGS data and usetbnew instead oftbabs.
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Table 4: List of the Parameters used in the SED modeling. Col.[1]: Name of the object; Col.[2]:

date of observation; Col.[3]: mass of the central black hole, in log scale; Col.[4]: accretion disk

luminosity, in erg s−1, in log scale; Col.[5] and [6]: spectral indices of the electron energy distribu-

tion; Col.[7]: magnetic field, in Gauss; Col.[8]: particle energy density, in erg cm−3; Col.[9]: bulk

Lorentz factor; Col.[10]: break Lorentz factor; Col.[11]:maximum Lorentz factor; Col.[12]: dis-

tance of the emission region from central black hole, in parsec; Col.[13]: Size of BLR, in parsec;

and Col.[14]: characteristic temperature of the dusty torus, in Kelvin.

Name Date MBH Ldisk n1 n2 B Ue Γ γb γmax Rdiss RBLR Ttorus

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]

J0014+81 2014 Dec 21 10.04 48.0 2.3 4.5 2.2 0.001 10 116 5000 0.89 1.02 500

J0225+1846 2014 Dec 24 9.40 46.9 1.9 4.7 1.0 0.023 16 46 1000 0.26 0.29 580

2015 Jan 18 9.40 46.9 2.3 4.3 1.0 0.015 14 71 1000 0.26 0.29 580

J1430+4205 2014 Jul 14 9.54 47.0 1.9 4.5 1.6 0.022 14 79 3500 0.20 0.31 400

J1656−3303 2015 Sep 27 9.30 47.0 2.3 4.4 1.0 0.051 14 68 3500 0.15 0.32400

Note. — There are no differences in the SEDs of J0014+81 for 2014 Dec 21 and 2015 Jan 23 observations (see

Figure5). Therefore, here we provide modeling parameters associated with 2014 Dec 21 SED only.
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Table 5: Various jet powers (in erg s−1) derived from the SED modeling of the high redshift blazars

studied in this work. Col.[1]: Name of the object; Col.[2]: date of observation; Col.[3], [4], [5],

and [6]: jet powers in magnetic field, radiation, electrons,and protons, respectively, in log scale.

Name Date Pmag Prad Pele Pkin

[1] [2] [3] [4] [5] [6]

J0014+81 2014 Dec 21 47.13 45.92 44.72 47.35

J0225+1846 2014 Dec 24 45.80 46.76 45.57 48.18

2015 Jan 18 45.68 46.21 45.26 47.93

J1430+4205 2014 Jul 14 45.86 46.30 45.20 47.70

J1656−3303 2015 Sep 27 45.21 46.21 45.32 47.89
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Fig. 1.— Residual TS maps of 0.1−300 GeV events centered at J0225+1846 (top) and

J1656−3303 (bottom), the sources from which a significantγ-ray emission is detected. The TS

map of J0225+1846 in top left panel indicates the presence ofunmodeled objects with TS>25,

whereas, top right panel corresponds to the same field but after considering unmodeled objects.

On the other hand, no unmodeled source with significantγ-ray emission is detected in the TS map

of J1656−3303.
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ward arrows represent 2σ flux upper limits, whereas, black downward arrows denote thetime of

NuSTAR monitoring. Note that the time bins with TS<1 are not shown. Vertical dotted lines

correspond to the beginning of the calender years.
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Fig. 3.—∆χ residuals from the fits to the jointNuSTAR (blue) and XRT (black) spectra of the four

blazars. In each case, the three models (power-law, absorbed power-law, and broken power-law)

are shown in order from top to bottom. The top panel in each plot shows the data, fit with M1

(power-law), and the shaded region shows the background spectrum.
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Fig. 4.—∆χ residuals from the fits to theXMM-Newton spectra of the four blazars. In each case,
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top to bottom. The top panel in each plot shows the data, fit with M1 (power-law), and the shaded
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Fig. 5.— Spectral energy distributions of high redshift blazars. Contemporaneous data from

Swift andNuSTAR are shown with colored (other than grey) circles and non-simultaneous observa-

tions are represented with grey circles.Fermi-LAT grey circles correspond to∼7.5 years average

γ-ray spectrum, whereas, downward arrows are 2σ upper limits. Thermal emission from the torus,

the accretion disk, and the X-ray corona is represented by black dotted line. Pink thin solid, green

dashed, and orange dash-dash-dot lines correspond to synchrotron, SSC, and EC emission, respec-

tively. Blue and black thick solid lines are the sum of all theradiative components.
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Fig. 6.— Ionized absorption model for the broad-bandNuSTAR/Swift spectrum of J0225+1846.

Energy scale is in the observer’s frame. Strong iron absorption lines are visible, redshifted to

around 2 keV, which would be easily detectable in theXMM-Newton spectrum.
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Fig. 7.— Top: Cosmic evolution of the accretion disk luminosity and the jet power of blazars

upto redshift 5.47. Bottom: The accretion disk luminosity versus jet power for the known blazars

(left) and when including RL-NLSy1 galaxies (right). The pink diamonds represent the blazars

studied byGhisellini et al.(2014) and blue ones are modeled by us. The cyan circles are associated

with RL-NLSy1 galaxies studied inFoschini et al.(2015). The four high redshift blazars studied

in this work are also shown. The black dashed lines correspond to the derived best linear fit,

whereas, limegreen solid line in the bottom panels refers tothe one-to-one correlation of the plotted

quantities. The shaded areas representσ, 2σ, and 3σ dispersions withσ = 0.5 dex.
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