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A BL Lacertae object at a cosmic age of 800 Myr1

Ekaterina Koptelova1*, Chorng-Yuan Hwang1*2

1National Central University, Graduate Institute of Astronomy, Taoyuan City, 32001, Taiwan3

BL Lacertae objects (BL Lacs) and flat-spectrum radio quasars (FSRQs), known as blazars,4

are low- and high-luminosity radio-loud Active Galactic Nuclei (AGNs) with relativistic jets5

pointed towards Earth1. Evolving from FSRQs2, 3, BL Lac objects host ∼ 109M⊙ super-6

massive black holes (SMBHs, where M⊙ is the mass of the Sun) and reside preferentially7

in giant elliptical galaxies of stellar masses 1011 − 1012M⊙4–7. The known BL Lacs are rela-8

tively nearby objects found below redshift 3.6 3, 8, 9. Here, we report the discovery of a BL Lac9

object, FIRST J233153.20+112952.11 (hereafter J2331+11), at a redshift of 6.57 correspond-10

ing to an age of the Universe of ∼ 800Myr. As the typical BL Lac, J2331+11 is a compact11

radio source with the flat power-law radio continuum, no emission lines in its near-infrared12

spectrum, and significant variability. The optical-to-radio continuum of J2331+11 is entirely13

dominated by the synchrotron emission of a relativistic jet. J2331+11 provides evidence for14

the shorter formation timescale of massive SMBHs with jets and bulge-dominated galaxies15

than that expected from the Eddington-limited growth of SMBHs and hierarchical galaxy16

formation. The rapid formation of BL Lacs at early cosmic epochs should have taken place17

in the densest regions of the early Universe.18

The luminous relativistic jets of radio-loud AGNs, including those of blazars, are usually19

attributed to their more massive SBMHs and correspondingly more massive host galaxies com-20
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pared to those of radio-quiet AGNs 6, 10, 11. The intrinsic luminosities of blazars jets exceed the21

luminosities of accretion discs around SMBHs 12, 13. Additionally, the jet emission of blazars is22

relativistically boosted by hundreds of times (a factor of δ4, where δ is the Doppler factor of the23

jet 12). According to the unified scheme of radio-loud AGNs1, every single blazar implies a parent24

population of Nparent = 2Γ2 co-existing objects of similar SMBH masses but randomly oriented25

jets (where Γ is the bulk Lorentz factor of the jet; for blazars, Γ ≈ δ and is typically in a range of26

6− 12 3). Hence, BL Lac objects and FSRQs provide a unique tool to study the spatial distribution27

of the largest SMBHs up to early cosmic times14–16.28

The progenitors of BL Lac objects, luminous FSRQs, have been discovered up to a redshift29

of z ∼ 6 16–18 implying that billion solar-mass SMBHs can efficiently form on timescales of less30

than 1 Gyr, constrained by the age of the Universe at z ∼ 6 6, 19, 20. Moreover, the number density of31

luminous FSRQs harbouring the largest SMBHs on the order of ∼ 109M⊙ was found to be nearly32

flat up to a redshift of z ∼ 4 14. These luminous FSRQs tentatively suggest that a fraction of them33

could have evolved into BL Lac objects at the greater redshifts than those of the known BL Lacs,34

i.e., at z > 3.6 3, 8 (see Extended Data Figure 1). The observational evidence of such high-redshift35

BL Lac objects would provide a new independent constraint on the growth scenario of the largest36

SMBHs and evolutionary model of blazars.37

J2331+11 was identified by matching zPS1-band dropouts from the Panoramic Survey Tele-38

scope and Rapid Response System 1 (PS1) with the radio sources detected in the Faint Images of39

the Radio Sky at Twenty centimeters (FIRST) (see Methods). In addition, J2331+11 had counter-40
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parts in the near-infrared J (1.25µm), H (1.63µm), and K (2.20µm) bands of the United Kingdom41

Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS), in42

the mid-infrared W1 (3.35µm) and W2 (4.60µm) bands of the Wide-field Infrared Survey Ex-43

plorer (WISE), in the 3-GHz Very Large Array Sky Survey (VLASS), 1.4-GHz National Radio44

Astronomy Observatory (NRAO) Very Large Array Sky Survey (NVSS), and 888-MHz Rapid45

ASKAP (Australian Square Kilometre Array) Continuum Survey (RACS) (see Extended Data Ta-46

bles 1 and 2). The new deeper near-infrared images obtained with the UKIRT telescope revealed47

that J2331+11 is not detected at short wavelengths down to a Z(0.88µm)-band magnitude of 22.9548

AB. The spectral energy distribution (SED) constrained by these detailed multi-wavelength data is49

consistent with the synchrotron-dominated SED of a blazar (see Figure 1b and Methods). More-50

over, similar to the typical blazar, J2331+11 represents a compact, unresolved radio source, which51

shows a flat radio continuum with a spectral index of αν,r = 0.01± 0.0621 (see Methods). Further52

classification of J2331+11 was obtained using spectroscopic observations. The calculations pre-53

sented below, assume a flat cosmology with Hubble constant H0 = 70 km s−1 Mpc−1, mass density54

Ωm = 0.3 and vacuum density ΩΛ = 0.7.55

The spectrum of J2331+11 was obtained with the Gemini Multi-Object Spectrograph of the56

Gemini North Telescope (Gemini-N/GNIRS) on September 30 and December 24, 2020 (see Figure57

1a). The spectrum represents a continuum without emission lines, which can be approximated with58

power law f obs
ν ∝ ν−αν,opt , where αν,opt = 1.43± 0.23 is the spectral index of the detected contin-59

uum (see Methods). The derived spectral index is consistent within the uncertainty with the spectral60

index of the non-thermal synchrotron continuum showing the fS
ν ∝ ν−3/2 flux dependence22. For61
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comparison, the thermal emission of the accretion discs of quasars is characterised by a flatter62

continuum with a spectral index of ∼0.44. The continuum shows a break in flux (the Gunn-63

Peterson trough) at ∼0.921µm due to absorption by neutral hydrogen in the intergalactic medium64

at high redshifts (see Extended Data Figure 2), which provides the lower limit on the redshift of65

J2331+11 to be z ≈ 6.57. The UKIDSS LAS and Gemini-N observations conducted at different66

epochs separated by approximately ten years revealed significant variability of J2331+11. In the67

Gemini-N/GNIRS observations, the rest-frame UV/optical continuum of J2331+11 was steeper68

compared to that during the UKIDSS LAS observations with a spectral index of αν,opt ≈ 0.27 as69

estimated from the H- and K-band fluxes (see Figure 1a and Methods). The UKIDSS LAS and70

PS1 photometry in the H and yPS1 bands indicate that J2331+11 was more than 0.5 magnitudes71

brighter during the PS1 and UKIDSS observations in 2011-2014 and 2009 compared to the later72

observations in 2020 (see Figure 1a and Extended Data Table 1). The radio flux of J2331+11 also73

showed variations of approximately 15% between the observations by the FIRST survey and the74

later observations by the RACS and VLASS surveys (see Extended Data Figure 3 and Extended75

Data Table 2). Hence, J2331+11 satisfy the classical criteria of a BL Lac object4, 8, 23: no or weak76

emission lines of rest-frame equivalent widths of less than 5Å, detection in the radio or X-ray77

bands, compact radio morphology, flat radio continuum emission, and significant variability at all78

wavelengths.79

The SEDs of BL Lac objects are produced by the non-thermal synchrotron self-Compton80

(SSC) emission process within the relativistic jet and show two emission peaks21, 22: the radio-to-81

UV/soft X-ray peak due to synchrotron cooling of relativistic electrons in the jet (”synchrotron82
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peak” in Figure 1b) and the hard X-ray to γ-ray peak due to inverse Compton scattering of syn-83

chrotron photons on the electrons. The absence of broad emission lines in the spectra of many BL84

Lac objects suggests that the contribution of the thermal emission of the accretion disc into the85

SEDs of BL Lac objects is negligible compared to the non-thermal jet emission 4, 21, 24. The ob-86

served optical-to-radio SED of J2331+11 is consistent with the synchrotron peak of BL Lacs, e.g.,87

with that of the high-redshift BL Lac object J1219+36 at z = 3.59 9 (see Extended Data Figure88

4). The synchrotron peak of J2331+11 is observed close to its maximum, which approximately oc-89

curs in the mid-infrared wavelengths and falls into the intermediate-synchrotron peak frequencies,90

1014 − 1015 Hz in the rest-frame of J2331+11 21 (see Figure 1b). The model of the synchrotron91

SSC process implies that the emission of J2331+11 originates from an emitting region of size92

R ≈ 2.1 × 1016 cm, which is approximately equal to 70 gravitational radii of a 109M⊙ SMBH93

and corresponds to the acceleration and collimation zone of the jets of blazars 23. The region has94

the magnetic field of intensity B ∼ 0.4G and electrons of density N ∼ 10 cm−3 accelerated up to95

a Lorentz factor of γpeak ∼ 103 (see Extended Data Table 3). The Doppler factor of the region is96

δ ∼ 31.5 producing a total luminosity of the observed synchrotron peak of LS ≈ 2.4×1047 erg s−1.97

This luminosity is comparable to the bolometric luminosities of the accretion discs of luminous98

high-redshift quasars at z > 6 20. The rest-frame frequency of the synchrotron peak of J2331+1199

from the SSC emission model is 3.8× 1014 Hz (see Extended Data Table 3).100

The radio luminosity of J2331+11 at rest-frame 5 GHz is comparable to those of radio lumi-101

nous BL Lac objects at low redshifts (see Extended Data Figure 1) and is L5GHz = 4πD2
Lf

obs
ν (1 +102

z)αν,r−1 ≈ 1.6 × 1033 erg s−1 Hz−1 (where DL is the luminosity distance, f obs
ν is the observed103
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radio flux at 888 MHz, which is close to the frequency of 5 GHz at the rest-frame of J2331+11,104

αν,r ≈ 0 is the radio spectral index, and z is the redshift of J2331+11). In the nearby Universe,105

the number density of such luminous BL Lacs is less than 1 Gpc−3 4, 25. The 5-GHz radio lu-106

minosities and masses of the SMBHs of low-redshift BL Lac objects correlate approximately as107

L5GHz ∝ M0.6
BH, where MBH is the SMBH mass from the stellar velocity dispersion–host galaxy108

bulge relation26. The L5GHz ∝ M0.6
BH relation, derived for the nearby BL Lac objects with average109

SMBH masses of 2× 108M⊙, implies that the Doppler amplification of the jet emission is usually110

higher for more massive SMBHs. Assuming this relation, a factor of & 10 higher radio lumi-111

nosity of J2331+11 compared to those of the nearby BL Lacs suggests an SMBH of greater than112

9 × 109M⊙. Most of the known luminous high-redshift blazars, mostly FSRQs, harbour SMBHs113

of comparable masses13–15.114

The evolution of blazars follows the change in the accretion mode of SMBHs 2, 3. The115

SMBHs of FSRQs grow in gas-rich environments at accretion rates of Lbol/LEdd ∼ 0.1−1 (where116

Lbol is the bolometric luminosity of the accretion disc, LEdd = 1.26 × 1038(MBH/M⊙) erg s−1
117

is the Eddington luminosity). The SMBHs of BL Lac objects, on the other hand, have con-118

sumed most of their gas during the FSRQ phase and accrete in the regime of radiatively ineffi-119

cient advection-dominated accretion flows. In this regime, the luminosity of the accretion disc is120

typically below 1% of the Eddington luminosity 2, 5, 24. The observations of blazars indicate that121

transition from the FSRQs to BL Lac accretion mode occurs approximately at an accretion rate122

of Lbol/LEdd ≈ 5 × 10−3, at which the bolometric luminosity of the accretion disc drops below123

∼ 1045 erg s−1, and the non-thermal emission of the jet starts to dominate the thermal emission of124
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the accretion disc 24. The mass of the SMBH of J2331+11 estimated assuming that the bolometric125

luminosity and accretion rate of its accretion disc are equal to those of an object in the transition126

phase, is ∼ 2× 109M⊙. Thus, the upper limit on the luminosity of the accretion disc of J2331+11127

also suggests a massive SMBH on the order of 109M⊙. This mass should have been accumulated128

at earlier cosmic epochs (z > 6.57) since the growth rates of the SMBHs of BL Lac objects are129

extremely low compared to those of quasars. During the FSRQ phase, the individual episodes of130

the rapid SMBH growth can be triggered by close galaxy interactions and may last for ∼ 0.1Gyr27.131

If J2331+11 had undergone at least one such episode, then its SMBH should have been already132

sufficiently massive when the Universe was younger than 700 Myr, corresponding to z & 7.3. The133

efficient growth of the SMBH of J2331+11 suggests a high accretion rate of a few times of the Ed-134

dington luminosity during the FSRQ phase, comparable to those observed in some high-redshift135

quasars 20, 28.136

The host galaxies of low-redshift BL Lac objects are giant elliptical or cD galaxies usually137

found in the groups or clusters of galaxies 4, 5, 27. For example, the nearest BL Lac-prototype138

radio galaxy M87 is one of the most massive galaxies in the Virgo cluster with an SMBH of139

6.6×109M⊙29. Moreover, in the nearby Universe, the host galaxies of AGNs of radio luminosities140

L5GHz > 1031 erg s−1 Hz−1 are all massive elliptical galaxies10. In the hierarchical scenario of141

galaxy formation, massive bulge-dominated galaxies assemble at relatively late cosmic epochs142

through consecutive mergers of individual galaxies30. If the host galaxy of J2331+11 is as massive143

as those of low-redshift BL Lacs, J2331+11 was probably formed in one of the densest regions144

of the early Universe, in which the SMBHs and bulges of massive galaxies could have assembled145
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rapidly.146
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Figure 1: a) Gemini-N/GNIRS spectrum of J2331+11 (black). The 1σ error spectrum is shown

with a grey line. The fluxes in the Z, Y , J , H , and K bands measured at the epoch close to the

Gemini-N/GNIRS observations are shown with blue symbols. The red symbols show the archival

fluxes in the PS1 yPS1 band (open square), UKIDSS LAS Y and J (filled circles), and H and K

bands (open circles) obtained at different epochs. The vertical dashed lines mark the expected

wavelengths of prominent broad emission lines of quasars. The redshift-corrected SDSS spectrum

of the BL Lac object J1219+36 at z = 3.599 is overplotted in green for comparison. b) Optical-to-

radio SED of J2331+11. The SED is constructed using the K-corrected near-infrared Y , J , H , K

(filled circles), mid-infrared W1 and W2 (open circles), and the 3-GHz VLASS (open and filled

triangles), 1.4-GHz FIRST (open square), 1.4-GHz NVSS (filled square), and 888-MHz RACS

(open star) fluxes. The upper limits on the Z, and mid-infrared W3 and W4 fluxes are shown with

arrows. The synchrotron SSC emission model of the synchrotron peak of J2331+11 is shown with

a black line. The shaded region between two dashed lines corresponds to the SEDs of intermediate

synchrotron peaked blazars, which peak within rest frequencies 1014 − 1015 Hz. The SEDs of

radio-loud and radio-quiet quasars are overplotted for comparison.
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Methods147

Photometry. J2331+11 was found by matching zPS1-band dropouts from the PS1 3π survey32
148

multi-epoch stack catalogue with the FIRST catalogue of 1.4-GHz radio sources 33, 34. The PS1149

stack catalogue is based on the data taken between 2010 and 2014 and has 5σ AB limiting mag-150

nitudes of 23.3, 23.2, 23.1, 22.3, and 21.3 in the gPS1, rPS1, iPS1, zPS1, and yPS1 bands, respec-151

tively. J2331+11 was detected in the yPS1-band stack image, but not detected in the bluer bands.152

The FIRST survey, which has a median sensitivity of 0.141 mJy beam−1 and an angular resolu-153

tion of 5 arcsec, detected J2331+11 at a signal-to-noise ratio of ∼14. The PS1 and FIRST posi-154

tions of J2331+11 matched within 0.4 arcsec. The additional near-, mid-infrared and radio data of155

J2331+11 were obtained using different observations described below and summarised in Extended156

Data Tables 1 and 2. The magnitudes in Extended Data Table 1 are given in the AB photometric157

system.158

Near-infrared data. The near-infrared photometric and imaging data of J2331+11 include archival159

data obtained by the UKIDSS LAS survey35 conducted with the Wide Field Camera (WFCAM)160

of the 3.8-m UKIRT telescope in the Y (1.0µm), J(1.2µm), H(1.6µm), and K(2.2µm) bands in161

2009, and new UKIRT WFCAM data in the Z, Y , J , H , and K bands obtained in 2020. The162

reported UKIDSS LAS H- and K-band magnitudes are from the Data Release 8 (DR8) source163

catalogue. In the Y and J bands, J2331+11 was detected with a low signal-to-noise ratio of less164

than 2, and these data were not included in the DR8 catalogue. The Y and J magnitudes provided165

in Extended Data Table 1 were measured directly from the UKIDSS LAS images. The new deeper166

UKIRT WFCAM images of J2331+11 were obtained at the epoch close to the spectroscopic obser-167
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vations with Gemini-N/GNIRS. The images were taken in the nine-point dither sequence with total168

exposure times of 720, 540, 270, 180, and 180 s in the Z, Y , J , H , and K bands, respectively. The169

new images were processed with the same photometric pipeline as the previous UKIDSS LAS data170

36, which excludes systematic uncertainties in the near-infrared fluxes of J2331+11 from different171

epochs. The UKIRT Vega magnitudes were transformed into AB magnitudes 36.172

Mid-infrared data. The SED of J2331+11 was constructed using the unWISE37 W1 (3.4µm)173

and W2 (4.6µm) fluxes measured from data collected by the WISE38 and NEOWISE39 missions174

between 2010 and 2017. The 2σ upper limits on the W3 (12µm) and W4 (22µm) fluxes of175

J2331+11 are from the AllWISE source catalogue, which is based on the shallower data collected176

by the WISE mission between 2010 and 2011. The WISE Vega magnitudes were transformed into177

AB magnitudes.178

Radio data. J2331+11 was independently detected at 0.888, 1.4, and 3 GHz by the RACS 40,179

FIRST33, 34, and VLASS41 radio surveys, respectively. The most recent data close to the epoch of180

the Gemini-N/GNIRS spectroscopic observations were obtained in 2020 by the RACS and VLASS181

surveys. The RACS survey is an all-sky survey south of a declination δ = +51 deg in a fre-182

quency range of 700 − 1800MHz. The initial data release (December 2020) 40 included sources183

detected at 888 MHz with a median sensitivity of 0.26 mJy beam−1 and an angular resolution of184

15 − 25 arcsec. The synoptic (3-epoch observations separated by 32 months) VLASS survey at185

3 GHz41 has a sensitivity of 0.12 mJy beam−1 per epoch and an angular resolution of 2.5 arcsec.186

J2331+11 was observed by VLASS at two different epochs, during campaigns VLASS1.1 in 2017187

and VLASS2.1 in 2020. The integrated flux density of J2331+11 was measured from the VLASS188
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Quick Look images available from www.cirada.ca. J2331+11 is also included in the catalogue189

of sources detected during the first epoch of the survey, VLASS1.1 Quick Look catalogue avail-190

able from www.cirada.ca/catalogues. The integrated flux density of J2331+11 measured from191

the VLASS1.1 Quick Look image is consistent with that provided in the VLASS1.1 Quick Look192

Catalogue.193

J2331+11 was marginally detected by the 1.4-GHz NVSS survey 42 with a signal-to-noise194

ratio of 5 − 6. The survey conducted between 1993 and 1996 has a typical sensitivity of approxi-195

mately 0.45 mJy beam−1 and an angular resolution of 45 arcsec. J2331+11 was not included in the196

NVSS catalogue of the detected sources; the integrated flux density of J2331+11 was measured197

from the NVSS images. The measured flux is consistent within uncertainties with the integrated198

flux density provided by the FIRST survey at the same frequency.199

Spectroscopic observations. The spectroscopic data of J2331+11 were obtained on September200

30 and December 24, 2020, using the Gemini-N/GNIRS spectrograph 43 in cross-dispersed mode201

(XD) and a slit width of 1 arcsec. The slit was oriented at a fixed position angle of 0 deg to avoid202

contamination from a brighter source a few arcseconds to the east of J2331+11. The instrument203

setup provided spectral coverage of 0.85− 2.5µm, and a resolution of R ≈ 500. The observations204

were executed in the standard ABBA dither sequence. The individual exposure times at each dither205

position were 293 s on September 30 and 265 s on December 24. The total exposure time of the206

data was 3.75 h. The spectra obtained on different dates were reduced and wavelength calibrated207

independently using the Gemini IRAF package. The resulting 2D spectra were normalised by the208

exposure time, rectified onto the same wavelength grid, and stacked. The 1D spectrum of J2331+11209
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and the error spectrum were obtained from the resulting 2D stack spectrum and its variance. The210

telluric correction and absolute flux calibration was performed using two standard stars observed211

before and after J2331+11 at similar airmass: HIP109939 (spectral type A1Vn) and HIP5310212

(A3V). The reduction procedure for the stars was similar to that of J2331+11. The telluric lines213

were removed by dividing the 1D spectrum of J2331+11 by the 1D spectrum of star HIP109939.214

The flux calibration was performed by multiplying the obtained ratio by the blackbody model215

spectrum of the star. To verify the quality of the telluric correction and flux calibration, the same216

procedure was repeated using star HIP5310. Both stars yielded the same spectral flux of J2331+11,217

uncertain by less than 1%. The final flux calibrated spectrum of J2331+11 agrees with the UKIRT218

Z, Y , J , H , and K photometric fluxes independently measured at a similar epoch.219

UV/Optical and radio spectral indices. Within small spectral intervals, the observed SED of220

J2331+11 was represented by power law f obs
ν ∝ ν−αν , where αν is the spectral index. The radio221

spectral index (αν,r) was estimated using the radio fluxes measured by the RACS and VLASS2.1222

surveys at 888 MHz and 3 GHz at two quasi-simultaneous epochs separated by approximately two223

months (see Extended Data Table 2). These quasi-simultaneous fluxes are considered to be less224

affected by variability of J2331+11. Additionally, the RACS and VLASS2.1 measurements are225

also quasi-simultaneous with the spectroscopic observations as they were obtained within approx-226

imately one and four months of the Gemini-N/GNIRS spectrum. The radio spectral index and227

spectral index uncertainty were calculated as follows228
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αν,r = −
ln(fν1/fν2)

ln(ν1/ν2)
, (1)

and229

σαν,r
=

1

|ln(ν1/ν2)|

√

(

σfν1

fν1

)2

+

(

σfν2

fν2

)2

, (2)

where fν1,2 and σfν1,2
are the flux densities and flux density uncertainties measured at frequencies230

ν1 = 888MHz and ν2 = 3GHz. The derived spectral index is αν,r = 0.01± 0.06 and is consistent231

with a flat radio continuum of αν,r ∼ 0 typical for blazars 21. The power-law fit to all available232

radio data gives a similar value of αν,r = 0.00± 0.09 (see Extended Data Figure 3).233

The spectral index of J2331+11 at rest-frame UV/optical wavelengths is αν,opt ≈ 1.42±0.23.234

It was derived from the power-law fit of the Gemini-N/GNIRS spectrum between 1.27 and 2.40µm235

(excluding regions of strong atmospheric absorption). The uncertainty on the spectral index was236

estimated from a sample of artificial spectra simulated from the Gemini-N/GNIRS spectrum by237

adding a normally distributed flux error at each spectral point.238

The observed near-infrared and radio fluxes were K-corrected using the following relation:239

fν = f obs
ν (1+ z)αν−1, where f obs

ν is the observed flux density, αν is the spectral index measured in240

the near-infrared or radio wavelengths, and z is the redshift of J2331+11.241

SED model. The SED of J2331+11 presented in Figure 1b was constructed using the K-corrected242

UKIRT Z, Y , J , H , and K fluxes measured in 2020, the W1, W2 fluxes from the unWISE243
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catalogue, the upper limits on the W3, W4 fluxes, and the radio fluxes at 0.888, 1.4 and 3 GHz.244

It was assumed that these data provide a good representation of the typical SED of J2331+11.245

Moreover, the near-infrared and radio fluxes at 0.888 and 3 GHz were measured at close epochs246

separated by only 1-4 months. The SED was modelled using the synchrotron self-Compton (SSC)247

emission model44, which is commonly used to describe the double-peak SEDs of BL Lac objects21.248

The model assumes that the observed emission originates from an emitting region moving with the249

relativistic speed in the jet; the emission is boosted by a Doppler factor of δ = 1/[Γ(1 − βcosθ)],250

where Γ = 1/
√

1− β2 is the bulk Lorentz factor of the emitting region, β is the velocity in units251

of the the speed of light, and θ is the angle between the line of sight and jet. The synchrotron SSC252

emission spectrum of the emitting region is computed assuming that the electrons are isotropically253

distributed in a homogeneous randomly oriented magnetic field and have the log-parabolic energy254

distribution of the form 21, 45, 46:255

n(γ) = K × 10r(log(γ/γpeak))
2

, (3)

where K is the normalisation coefficient, γpeak is the electron Lorentz factor at the peak of the256

electron energy distribution, and r is the curvature parameter. Assuming this electron distribution,257

the model has the following free parameters: intensity of magnetic field B (G), radius of the258

emitting region R (cm), Doppler boosting factor δ, curvature parameter r, electron Lorentz factor259

at the peak of the electron energy distribution γpeak, minimum and maximum Lorentz factors of260

the electron energy distribution γmin and γmax, and electron density N =
∫ γmax

γmin
n(γ)dγ (cm−3).261
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The synchrotron SSC emission model of J2331+11 was calculated for the fixed minimum262

and maximum energies of the electrons, γmin = 10−1 and γmax = 106, as the change of this pa-263

rameters has little effect on the resulting model. Additionally, the observed brightness variation of264

J2331+11 provides a constraint on the size of the emitting region. The UKIDSS LAS photometry265

of J2331+11 obtained in 2009 suggests that the pairs of fluxes, Y and J , and H and K, measured266

61 days apart, may correspond to two different brightness states of J2331+11 (see Figure 1 and267

Extended Data Table 1). The Y and J fluxes, which are consistent with the fluxes during the recent268

UKIRT observations in 2020 and with the Gemini-N/GNIRS fluxes, seem to correspond to the269

typical brightness state of J2331+11. The H and K fluxes, on the other hand, were likely mea-270

sured during the high brightness state characterized by a bluer H−K color and a flatter rest-frame271

UV/optical continuum of αν,opt ∼ 0.27. From the timescale of the observed brightness variation272

(tvar), the radius of the emitting region is estimated to be R = ctvar/(1+z) ≈ 2.1×1016 cm, where273

c is the speed of light. The inferred radius is consistent with the typical size of the emitting regions274

of BL Lacs as derived from their variability timescales, e.g., 47. The radius of the emitting region275

was then fixed in the calculation of the synchrotron SSC emission model. The parameter search276

of the model was performed using the online1 numerical SSC code46 by first varying parameters,277

B, N , and δ, which contribute into the strength of the observed flux, and then by varying r and278

γpeak, which determine the shape and peak frequency of the model. The model that best describes279

the data is shown in Figure 1b; the parameters of the model are summarised in Extended Data280

Table 3. The luminosity of the synchrotron peak of J2331+11 provided in the table was estimated281

from the SSC emission model as LS = 4πDL

∫

fνdν, where
∫

fνdν is the model flux integrated282

1https://tools.ssdc.asi.it/SED/
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between observer-frame frequencies 0.8×109 and 4×1016 Hz, DL is the luminosity distance. The283

observed SED is well reproduced by a single SSC emission component suggesting that the con-284

tribution from external emission components such as the accretion disc or dust torus is negligible.285

The synchrotron and inverse Compton peaks of J2331+11 predicted by the SSC emission model286

are shown in Extended Data Figure 4 in comparison with the SED of the BL Lac object J1219+36287

at z = 3.59 9.288
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Extended Data Figure 1. Radio luminosity of blazars versus redshift. The black and red open

circles depict FSRQs and BL Lac objects from the fifth edition of the ROMA-BZCAT multifre-

quency catalogue of blazars 31. J2331+11 is shown with a red filled star. The high-redshift BL Lac

object J1219+36 at z = 3.599 and the most distant FSRQ currently known, J0309+27 at z = 6.1016,

are shown with an open star and a triangle, respectively. The radio luminosities at rest-frame 5 GHz

(L5GHz) were estimated using the 3-GHz radio fluxes from the VLASS1.1 Quick Look Catalogue

assuming a flat radio continuum with a spectral index of αν,r = 0. The luminosity of J0309+27

was estimated using the 1.4-GHz radio flux and spectral index from the discovery paper 16.
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Extended Data Figure 2. Enlarged view of the continuum break at 0.921 µm. The Gemini-

N/GNIRS spectrum and 1σ error spectrum of J2331+11 are shown with black and grey lines,

respectively. The spectrum is presented at the original GNIRS spectral resolution of ∼3 Å per

spectral element. The blue symbols correspond to the UKIRT Z-band upper flux limit, and Y -band

flux measured quasi-simultaneously with the spectrum. The redshift-corrected SDSS spectrum of

the BL Lac object J1219+36 at z = 3.599 is overplotted in green for comparison.
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Extended Data Figure 3. Integrated radio flux densities of J2331+11. The different symbols

mark flux densities measured with different instruments and at different epochs. The lines corre-

spond to the power laws (f obs
ν ∝ ν−αν,r) with a spectral index of αν,r = 0.01 ± 0.06 derived from

the quasi-simultaneous RACS and VLASS2.1 observations (solid line) and with a spectral index

of αν,r = 0.00± 0.09 derived from all radio measurements (dashed line).
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Extended Data Figure 4. SED and SED model of J2331+11. The observed SED of J2331+11

(blue symbols) is shown in comparison with the SED of the BL Lac object J1219+36 at z = 3.599

(dark grey symbols). The flux (luminosity) of the high-frequency side of the synchrotron peaks

of J2331+11 and J1219+36 decreases quickly due to increasing absorption by neutral hydrogen in

the intergalactic medium at high redshifts. The upper limit on the γ-ray luminosity of J2331+11

is estimated from the 10-year 5σ sensitivity map of the Fermi Gamma-ray Space Telescope Large

Area Telescope (Fermi LAT) all-sky survey 48. The black line shows the SSC emission model of

the synchrotron and inverse Compton peaks of J2331+11.
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Extended Data Table 1. Photometry of J2331+11.

Telescope/ Obs. Date MJD Filter λeff mAB

Instrument (yy-mm-dd) Å

PS1 2011− 2014 zPS1 8667 > 22.30 (5σ)

PS1 2011− 2014 yPS1 9613 21.195±0.169

UKIRT/WFCAM 2009− 09− 03 55077.37985 Y 10305 21.803±0.522

UKIRT/WFCAM 2009− 09− 03 55077.39387 J 12483 21.150±0.302

UKIRT/WFCAM 2009− 11− 03 55138.32198 H 16313 19.995±0.154

UKIRT/WFCAM 2009− 11− 03 55138.33587 K 22010 19.907±0.130

UKIRT/WFCAM 2020− 11− 03 59156.33387 Z 8817 > 22.95 (5σ)

UKIRT/WFCAM 2020− 11− 03 59156.34357 Y 10305 21.637±0.157

UKIRT/WFCAM 2020− 11− 03 59156.35104 J 12483 21.067±0.123

UKIRT/WFCAM 2020− 11− 03 59156.35519 H 16313 20.569±0.095

UKIRT/WFCAM 2020− 11− 03 59156.35808 K 22010 20.053±0.092

WISE 2010− 2017 W1 33526 19.380±0.039

WISE 2010− 2017 W2 46028 19.138±0.068

WISE 2010− 2011 W3 115608 > 17.07 (2σ)

WISE 2010− 2011 W4 220883 > 15.64 (2σ)

Notes. Survey and Instrument name (Col. 1), date of observations (Col. 2), Modified Julian Day408

(MJD) of observations (Col. 3), filter name (Col. 4), effective wavelength of the filter λeff (Col.409
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5), and AB magnitude and magnitude uncertainty (Col. 6).410

Extended Data Table 2. Integrated radio flux densities of J2331+11.

Survey Obs. date νobs f obs
ν σfobs

ν

name (yy-mm-dd) (GHz) (mJy) (mJy)

RACS 2020-11-02 0.888 2.50 0.07

NVSS 1996-07-04 1.4 2.26 0.34

FIRST 2011-03-19 1.4 2.13 0.15

VLASS1.1 2017-10-25 3.0 2.59 0.25

VLASS2.1 2020-08-29 3.0 2.46 0.15

Notes. Survey name (Col. 1), epoch of observations (Col. 2), observed frequency νobs (Col. 3),411

observed integrated flux density f obs
ν (Col. 4), and flux density uncertainty σfobs

ν
(Col. 5).412
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Extended Data Table 3. Parameters of the synchrotron SSC emission model.

Parameter Value

tvar (s) 5.27× 106

R (cm) 2.1× 1016

B (G) 0.4

N (cm−3) 10

δ 31.5

γpeak 103

γmin 10−1

γmax 106

r 2.2

νS
peak (Hz) 3.4× 1014

LS (erg s−1) 2.4× 1047

Notes. tvar is the variability timescale, R is the radius of the emitting region constrained by tvar, δ413

is the Doppler factor, B is the intensity of the magnetic field, N is the electron density, γpeak is the414

electron Lorentz factor at the peak of the electron energy distribution, γmin and γmax are the415

minimum and maximum Lorentz factors of the electron energy distribution, r is the curvature416

parameter of the electron energy distribution, νS
peak is the rest-frame peak frequency of the417

synchrotron peak, and LS is the total luminosity of the synchrotron peak.418
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