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ABSTRACT

Flat Spectrum Radio Quasars (FSRQs) are the most poweldtivigtic jets seen from
supermassive black holes (BHs) accreting via a radiatigffigient thin disc. Their high en-
ergy emission is well modelled by highly relativistic elexts in the jet Compton upscatter-
ing an external source of seed photons, primarily from tleaddine region. Strong Doppler
boosting by the jet bulk motion makes these FSRQs readilgctigle by the Fermi Large
Area Telescope. We combine jet spectral models with scadilagions for the jet physical pa-
rameters as a function of mass and accretion rate. This dvesaich well to the Gamma-ray
loud Narrow Line Seyfert 1s, assuming their low BH massegdaliable, but is able to pre-
dict much of the spectral evolution observed along the Blagguence. We use these models
in conjunction with cosmological simulations of efficignficcreting BH number densities,
and find that they overpredict the observed number of FSR@sdrders of magnitude if all
of these objects produce a FSRQ jet. We can better reprodacgbiserved numbers if jets
are only produced by high spin BHs and BH spin is built fromatially aligned accretion
episodes so that high spin BHs are rare. However, this ddespimduce the observed redshift
and mass accretion rate distributions of the FSRQs. Thisinthgate a redshift dependence
in accretion mode, with sustained alignment accretionoelas being more prevalent at higher
redshift, or that there is some other trigger for FSRQ jets.
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1 INTRODUCTION sified due to selection effects: Giommi et al. 2012), sucth tiha
BL Lacs do not have additional seed photons from outside ®f th
jet. In contrast, the FSRQs have a disc and associated hiread |
region (BLR), which provide an additional external souréseed
photons for Compton scattering, leading to the observedptam
peak dominance in FSRQs (e.g. Ghisellini et al. 2017).

Blazars are the most extreme examples of relativistic jeimf
supermassive black holes (BHs). They represent a classtioé ac
galactic nuclei (AGN) where the jet is highly relativistic ¢~ 10)
and closely aligned with our line of sight. The jet emissian i
strongly Doppler boosted by the relativistic bulk motiordaion-
sequently dominates the spectrum of the AGN, from radio up to This change in seed photons plausibly occus because of a
gamma-rays. As a result these are the most numerous sowrces d change in the accretion mode similar to that seen in the Wiatk
tected by the Fermi/LAT satellite in the GeV regime (Nolarakt binary systems (BHBs; see e.g. Done, Gierlinski & Kubota7)00
2012). FSRQs are high accretion rate AGN containing highly acegeti
Blazars can be divided into two types — BL Lacs and flat spec- black holes {» = M/MEdd > 0.01, wherenJ\ZEddc2 = LEdd)-
trum radio quasars (FSRQs). This division is made on anrarkit At high accretion rates, the accretion flow around the BH gake

upper limit to the observed equivalent width of the emissines, the form of a radiatively efficient accretion disc, which cafd

but this typically correlates with the broad band continyanoper- ten be seen dominating in the optical-UV in FSRQ spectra, de-
ties, where the jet spectra of BL Lacs consist of a low enetgyh spite the strong jet emission (Ghisellini et al. 2010, hiteed510).
from synchrotron emission and a second, similar lumindsigper The strong UV disc emission illuminates material above tise,d
energy hump from synchrotron self-Compton (SSC) emisdibg. which at a particular radius, set by the gas density and iliatn

spectra of FSRQ jets also show a low energy peak from syrroirot  ing flux, re-emits the radiation in the form of broad emisdioes
emission but have a much more luminous Compton hump, often by (the ‘broad line region’). Some fraction of the accretiosaémis-
more than an order of magnitude (Fossati et al. 1998). Thidea sion is also reprocessed by the torus. Together, the UV tsigh
explained by there being an intrinsic difference betweemtiajor- cretion disc, BLR and reprocessed emission from the toruscal
ity of BL Lacs and FSRQs (a small fraction of objects are naiscl as sources of external seed photons for the jet. Howeveniatisy
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the radius at which the broad lines are produced is normaly a
larger distance from the BH than the region of the jet wheee th
high energy emission is produced (Ghisellini & Tavecchi®@20
As a result, the jet electrons moving with the relativistigkomo-
tion of the jet see the stationary BLR seed photons stronglydler
boosted and this greatly enhances the external Comptorsiemis
of the FSRQ.

In contrast, the BHs responsible for the production of BL Lac
jets are at much lower accretion rates  0.01), where the ac-
cretion flow switches from a geometrically thin, radiativelffi-
cient UV bright disc to a hotter, geometrically thick, railialy
inefficient flow (e.g Advection Dominated Accretion Flow: AB
Narayan & Yi 1995). The switch to a radiatively inefficientcee-
tion flow means there is no UV bright inner disc to illuminate t
BLR and provide external seed photons. As a result, BL Lac-spe
tra lack both disc emission and broad lines (Stickel et @1} @nd
their high energy Compton humps include only SSC of syncbnot
emission generated intrinsically within the jet (GhiggllMaraschi
& Tavecchio 2009). For the remainder of this paper, we assalme
objects withrin > 0.01 have a disc/BLR/torus and refer to these
as FSRQs, while those with < 0.01 have none of these external
components and we refer to these as BL Lacs.

Whilst the mechanisms by which blazar jets emit radiati@n ar
relatively well understood, where the energy comes fromotugy
these jets in the first place is not. These jets have bulk lipifen-
tors of 10-15 and estimates of the jet power in FSRQs put it at
the order of the accretion power or above (G10, Ghiselliralet
2014). This requires tapping the spin energy of the BH (Bllartti
& Znajek 1977) and means that the most relativistic jets khou
necessarily be produced by the most highly spinning BHSs.

Gardner & Done (2014, hereafter Paper 1) took a statistical
approach to this problem. Rather than studying individoakses,
Paper 1 concentrated on modelling the population of Ferazdss
as a whole — specifically the population of BL Lacs, since tiiey
not have the added complication of external seed photorcesur
Cosmological simulations predict the number of BHs acogetit
each redshift as a function of mass and accretion rate. 8intac
jets are produced when < 0.01, they should only be produced by
low accretion rate BHs. Paper 1 initially assumed that alkB¥th
m < 0.01 produced a BL Lac type jet. The predicted numbers of
these BHs were taken from the Millennium Simulation (Speing

randomly aligned small accretion episodes (chaotic actrete-
sult in low spin (King et al. 2008), with high spin BHs proddce
only through BH-BH mergers (Fanidakis et al. 2011; 2012). Re
stricting production of BL Lac jets to high spin, low accoeti
rate BHs and assuming chaotic accretion not only allows dhe t
tal number of Fermi detected BL Lacs to be reproduced, buat als
better matches the observed mass and redshift distrilsutidns

is because the low accretion rate, high spin BHs are thosatba
formed latest in gas-poor mergers which produce the mossiveas
BHs. This suggests that high spin may be required to prochee t
highly relativistic jets in BL Lacs.

In this paper, we use the same method to try to predict the
observed population of Fermi detected FSRQs. The scaliag re
tions are able to reproduce the FSRQ blazar sequence with in-
creasing BH mass (Ghisellini et al. 2017), but the small f@pu
tion of gamma-ray loud NLS13/{NLS1s) are more Compton dom-
inant than standard jet scaling relations predict. Thigeats that,
either FSRQ jets do not follow standard jet scaling relatjcor
vNLS1 masses may be larger than previously estimated, as has
been suggested by Calderone et al. (2013), Baldi et al. j201®%
D’Ammando et al. (2017).

We again use the BH number densities predicted by the Mil-
lennium Simulation and this time assume that all BHs aaugeti
with 7 > 0.01 produce a FSRQ type jet. We extend the spec-
tral model of Paper 1 to include external sources of seedopkot
and assume the same standard jet scalings (sizescalesvittale
Mpym and power in particles and magnetic fields scales with ac-
cretion power), which mimic the observed spectral changdgli
Lacs (Paper 1). As in Paper 1, we find that assuming all BHsan th
appropriate accretion regime produce a highly relativigti over-
predicts the observed FSRQ population, however by not asimuc
(only 2 orders of magnitude, rather than 3 in the case of Bls).ac
Again, we try imposing a spin cut, such that only high spimghhi
accretion rate BHs produce FSRQ jets. However, althoughathi
lows us to better match the observed number of Fermi-detéSe
RQs, we find we cannot match the observed mass, accretion rate
or redshift distributions — particularly the tail out to higedshifts
(z > 2). This is due to a lack of high mass, high spin BHs in
the cosmological simulations at redstift- 3. If production of a
FSRQ jet really does require a high spin BH, our simulatiarg s
gest there should be more high mass, high spin BHs at highifeds

et al. 2005; Fanidakis et al. 2011; 2012) and each BH was then than a solely chaotic accretion model predicts. This suggbsre

assigned a jet spectrum, appropriately scaled to its masaame-
tion rate, assuming all size scales in the jet scale with BHswaad
the power in particles and jet magnetic fields is a fixed foactf
the accretion power. Each jet was then given a random otienta
and its resulting redshifted flux calculated to determinetivar it
would be bright enough to be detected by Fermi. This predicte
population of Fermi detected BL Lacs was found to overptatie

observed number of Fermi detected BL Lacs by 3 orders of mag-

nitude. Producing a BL Lac jet requires a BH with < 0.01,
but clearly not every BH within < 0.01 produces a BL Lac jet
(see e.g. Wilson & Colbert 1995; Moderski, Sikora & Lasot88;9
Padovani et al. 2015).

may be a trend from chaotic accretion towards more prolomged
cretion (which spins up rather than spins down the BH) atdiigh
redshifts, as also suggested by Dotti et al. (2013) and Budtcal.
(2014).

2 EXTERNAL-COMPTONJETS

We extend the single-zone SSC model of Paper 1 to includessur
of external seed photons, since these are important in titehi
accretion rate FSRQs, which have UV bright accretion digés.

Paper 1 found that the observed number of BL Lacs was much code up the model of Ghisellini & Tavecchio (2009), inclugiseed

better reproduced if production of BL Lac jets was restdd¢teBHs
with /i < 0.01 and high spin¢ > 0.8). Maraschi et al. (2012)
argue that the efficiency of spin-powered jet productiorpdroff
sharply below0.8, so that this forms an effective spin threshold
for relativistic jet production. This reduces the predicp@pulation
sufficiently if high spin BHs are rare. Aligned accretion &y ef-
ficient at spinning up the BH (e.g. Volonteri et al. 2007). Hwer,

photons from the accretion disc and X-ray corona, emisgiom f
the BLR and torus, and reflection of coronal X-rays off the BLR
We follow their notation below, where quantities in the jetrhe
are primed when there could be confusion, but not where élfs s
evident, e.g. jet quantities such as electron Lorentz facad jet
magnetic field.

We have made this code publicly available within tt&PEC
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spectral fitting package. We briefly summarise the model, vtk
full details in the Appendix.

We assume a spherical emission region of radiuss and a
conical jet, such thaR;s is related to the distance of the emis-
sion region from the black hole b¥4;ss = ¢Raiss, Where o
is the half opening angle of the jet. We assume the jet enmissio
is dominated by this single spherical emission region atjé¢he
base and neglect the contribution from regions further ¢aricga
the jet, as this mostly affects the low energy (predomiryaret
dio) emission. We assume material in the jet moves at a aunsta
bulk Lorentz factor I'), and that a fraction of the resulting jet
power is used to accelerate electrons in the emission region
power injected into relativistic electrons in the jet framsethen
Pl = 4/37R3,., [ ymec*Q(v)dy, where the accelerated elec-
tron distribution is a broken power law of the form:

@

We note that this is slightly different from the form used in
Paper 1. Firstly we now use rather thann to denote in the in-
jected power law indices in order to be consistent with Gliige

for Ymin < Y < Ymax

& Tavecchio (2009). Secondly, Paper 1 has the denominator as

(1 —~/~)~*1*42 rather than the form used here and in Ghisellini
& Tavecchio (2009). We have run tests and find that this change
generally gives less than a factor 30 per cent differencéeérre-
sultant spectra.

These electrons cool by emitting self-absorbed synchmotro
and synchrotron self-Compton radiation and by upscatiesaed
photons from external sources of radiation. We assume startdie
of the BLR and infra-red torusRzrr and R;r) from the central
black hole scale with the accretion disc luminosity as (Elliis &

Tavecchio 2009):
RprLr = 1017(#)1/20“1 2
10%5ergs—1
Rir = 2.5 x 10" (L0 )1/20m, @3)

10%5ergs—1

The total seed photon energy density in the jet frame is
Uleea = Us + g(7)(Uiyne + U.,) and therefore includes both
the magnetic energy densitfj; = B?/8x, and the fraction
g(v) of the energy density of synchrotrof;,,,., and external,
U.., seed photons which can be Compton upscattered by elec-
trons of energyy within the Klein-Nishina limit. The accelerated

faster than using the full kernel but is accurate enough tiorsta-
tistical analysis (Dermer & Menon 2009).

This jet frame emission is boosted by the bulk motion of the
jet, where the Doppler factor of the boosting flepends on both
I" and the orientation of the jet @s= (T' — cos §v/T2 — 1)~ " and
we transform jet frame frequencies’) and luminosities ') to
observed frame quantities as:= 6’ andL = §°L’. Dermer &
Menon 2009 advocate multiplying by an additional factot dér
the special case of a seed photon source that is ahead of ¢neige
sion region, to account for the anisotropy in the seed phifi¢dshin
the jet frame. However, an anisotropic seed photon fieldywresl
anisotropic cooling and therefore an anisotropic electfistribu-
tion, which can effectively cancel out the effects of thedspleoton
anisotropy (Ghisellini et al. 1989; Ghisellini et al. 19@igrlinski
et al. 1999), assuming that the electrons are not re-issgdby
turbulent scattering on timescales much shorter than téncp
time. Since we include cooling from multiple seed photongses
(accretion flow, BLR and torus), with multiple orientationgh re-
spect to the jet producing multiple anisotropies, we chaoselopt
v =26 andL = §3L’ in all cases.

Finally, the jet emission is cosmologically redshifted atd
tenuated due to pair production on the extragalactic irdchback-
ground light (though this is generally small for the Fermibpass)
to produce the observed flux.

The parameters of our model are therefore:

e Parameters of the accretion flow: black hole mass and Edding-
ton scaled accretion rat@{z z andri), for calculating the density
of external seed photons.

e Physical parameters of the jdf; radius of emission region
(Raiss) and half opening angle of the jeb).

e The magnetic field of the emission region and power injected
into relativistic electrons® andP,,;).

e Parameters of the injected electron distributiof;:n, s,
Ymaz, $1 andss.

We adopt the cosmology used in the Millennium simulations:
h 0.72, Qp, 0.25, Qvaec = 0.75 (Springel et al. 2005;
Fanidakis et al. 2011).

3 SCALINGJETS

As in Paper 1, we assume that the acceleration mechanisra is th
same for all FSRQs, giving the same injected electron digion,

regardless of mass and accretion rate. We also assumesadirget
produced with the samié and the same half opening angle (which

we fix to ¢ = 0.1). This leaves three remaining parametets;s.,

BandP.,,.
We assume that FSRQs follow the same standard jet scal-

ings that BL Lacs appear to follow (Paper 1). Hence we scale
Rgiss < M, since all size scales should scale with the mass of
the black hole (Heinz & Sunyaev 2003), and assume the jetipowe
is a constant fraction of the total accretion power,«x M. We
again stress that this assumption is valid whether the isered
by the accretion flow or the spin energy of the black hole,smc
traction of black hole spin energy relies on magnetic fielelsay-
ated in the accretion flow, which will be affected by accnetiate.

electron distribution cools into a steady state electrsitritution,
N(y) = =41 f]"“““ Q(~i)d~;, where the rate at which an elec-

tron loses energy i§m.c> = 4/3y*crcU.,.4. Since the cool-
ing timescalet...; = v/ depends ony, with high energy elec-
trons cooling fastest, we calculate the electron Lorenttofathat
can just cool in a light crossing time of the region,.;, and join
smoothly onto the accelerated uncooled electron distdbigelow
this. The full self-consistent electron distribution iethcharac- A constant fraction of the total jet power is then injectetbirela-
terised byN(y) = Kn(y), where K is the number density of tivistic particles and magnetic fields. Heneg,; oc P; oc 7n.M and
electrons aty = 1 andn(~) incorporates all the spectral shape. B o« Up’? « (Pp/R3,.,)"? o (Pj/R%:5)Y? o (1n/M)Y/?

We calculate the resulting (self-absorbed) synchrotrah@omp- (Paper 1).

ton emission using the delta function approximation asishisuch We choose the mean FSRQ parameters from G10 to scale
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from, which are the logarithmic average values from theinsie of
53 Fermi detected FSRQs. This givies = 1x10° M, i = 0.1, 50
Ro = 1.89 x 10"%cm, By = 2.6G, Py = 2 x 10%ergs™,
T =13, Ymin = 1,75 = 300, Ymae = 3 x 10,51 = 1, 50 = 2.7,

and we scal&Rgiss, P.; andB as: - ’
M <b]
iss — rvs 4 =
i 7 @) =
§ Y
, ,  m M ~
P, =P, _ 5 ¢
rel rel,0 mO MO ( ) éo
i Mo 1/2
B=By| —— 6
0 <m0 M) (6)

The distance to the BLR and IR torus are beth L'/°.
This implies Rgr.r and Rrr should also scale with the mass
and accretion rate of the black hole, sinfg o« mM. Hence
RBLR X R[R X (mM)l/z.

3.1 Spectral Changeswith Mass

Fig.1a shows a sequence of FSRQ spectra with increasing BH
mass. The accretion rate is fixed#o = 0.1 and Ry;ss, B and
P/, are scaled as described above.

As BH mass decreases, so does the size of the emission re-
gion, sinceRg4;ss o< M. This can be seen in the increase in syn- .
chrotron self-absorption frequency, from 10'%® (black spec- Y A H i :
trum) to~ 10'"5 (magenta spectrum). The total luminosity also 10 12 N 18 2 2
decreases, since the power injected into relativistictelas de- log ' (Hz)
creases with decreasing mas ( o< M).

The relative strengths of the synchrotron and Compton humps 3
also changes with mass. The blue spectrum corresponds to the
mean FSRQ model of G10, with = 0.1, M = 10° M. It shows
a strong Compton hump ab®?Hz due to Compton up-scattering
of external seed photons, predominantly from the BLR. The lo
energy synchrotron hump is roughly an order of magnitudelles
minous ¢ 10%%erg s™!). As the BH mass drops fror0® (blue)

- 108 M (magenta), the relative luminosity of the Compton hump
decreases until at the lowest masses the two humps show mpa
ble luminosity. The relative strength of the two humps dejseon
the relative strength of the energy density in magnetic sielom-
pared to the energy density of external seed photons.

Fig.1b shows the spectral energy density of seed photons in —q s s = s s s s
the jet frame. As mass drops so does the emission regionrsize a 00 65T 71";g At}o(l\[f')‘r) s s 100
hence its distance from the BH, siné&;,s = Ragiss/¢ x M. -

SmallerZ4;ss increases the energy density of accretion disc seed Figure 1. Spectral changes with mass using standard jet scaliigs { o
photons, despite the drop iy with M, showing an increase of M, P/, ocmM, B (r/M)1/2). a). FSRQ model SEDs for fixed ac-
~ 3 orders of magnitude (blue dashed line to magenta dashed line cretion rate and increasing BH mas¥/f;; = 10° (magenta)107 (red),

However, the dominant source of seed photon&’is  and this 0% (green),10? (blue) and10'%M¢, (black), v = 0.1). b). Correspond-
. 2 1/2v2 ing seed photon energy density spectra as seen in the jet.fiGofid lines
stays constant, sinéés . o< La/Rprr < La/(Ly )" = const show synchrotron seed photons, dashed lines show accdigioplus coro-

for ,dess < RBLR (blug dot-dashed line). In contrast th_e MaJ- L3l seed photons, dot-dashed lines show seed photons feoBLIR plus
netic field, which determines the amount of synchrotron efofg coronal flux reflected by the BLR, and dotted lines show seetopis from
increases as BH mass decreases, siicec M~ /. As a re- the torus. The seed photon energy density from the torugisame for all
sult, U, .. (solid lines) increases by more than 4 orders of mag- masses. The seed photon energy density from the BLR is the farall
nitude, becoming comparable td; . » at the lowest masses. Con-  masses excefit0'? Mg, whereZy;ss > Rprr. ). Seed photon energy
sequently, the Compton humps of the lowest mass spectraare d  densities in jet frame as a function of BH mass. Blue line shofy, red line
inated by up-scattering of synchrotron radiation, caushen to showsU,,,,., black lines show energy densities of external seed photons
look more like low accretion rate synchrotron self-Compin dashed line shows; +- U, dot-dashed line ShowS;; ;; + Ux 1
Lacs than FSRQs, despite their higher accretion rates. dotted line show#/; ,, and solid line shows totdf.

logv’ U'(v") (Hz erg cm ™)

log U’ (erg em™3)
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The lack of external seed photons means less efficient cool-
ing in lower mass objects. For th®° M, spectrum (Fig.1a, blue
line) the cooling is almost complete with,o; = 7, Wherey oo is
the minimum Lorentz factor of electrons that can cool in dghtl
crossing time. For thé0® M, spectrum (magenta...; has in-
creased td0°, resulting in a clear spectral break-at10'*-*Hz in
the synchrotron emission. The decreasing frequency ofsihes-
tral break tracks the decreasejin,,; and increase in cooling from
105-10° M.

Above 10° Mg, veo00! increases again (Fig.1a, black spectrum,
Yeool = 39). This is because for #0'° M, BH the emission re-
gion has gone beyonB g1, sinceZy;ss o« M while Rgrr (and
Rir) o M'Y2. This caused/4, » to drop dramatically (black
dot-dashed line in Fig.1c), reducing the amount of coolifige
next strongest source of seed photons is the torus (Figlabk b
dotted line). U;x is constant for all masses since liké&s; r,
Ujr o La/R3p o La/(LY?)? = const for Zsss < Rig,
which is the case for all five masses. Consequently, aboVa/,
the ratio between synchrotron and Compton peaks drops.again

Fig.1c shows the total energy densities of seed photonsin th
jet frame as a function of BH mass. This shows clearly for msiss
around10° M, where the energy density of BLR photons dom-
inates (black dot-dashed line), the energy density of sytiin
radiation is suppressed (red line) due to the strong coolifig,
recovers at higher masses 4g,, > Rprr and dominates over
Ugrr at low masses< 107 M) where the magnetic field is
strongest (blue line).

The sequence of spectra shown in Fig.1la appear remarkably
similar to the sequence of observed FSRQ spectra binnedhiy lu
nosity shown by Ghisellini et al. 2017. Ghisellini et al. Z0find
that the Compton dominance of FSRQ spectra increases wiith lu
nosity, causing the X-ray spectral slope to harden. Fidibevs that
this can be explained if the higher luminosity bins are dated
by increasingly higher mass FSRQs.

3.2 Spectral Changeswith Accretion Rate

Fig.2a shows a sequence of FSRQ spectra with increasingtaecr
rate. We fixM = 10° and increase the accretion rate friog 1 =
—2100.5, scalingRy;ss, B and P, as described if3.

As accretion rate increases, the synchrotron self-alisarpt
frequency increases from 10'° (magenta) td 0*>Hz (blue). This
is because the size of the emission region stays consknt,(
does not depend orir) while the magnetic field is increasing
(B x m!/?).

As accretion rate increases, the total luminosity alsceiases,
since P/,;, « m and B « m'/2. However, the synchrotron
emission increases faster than the Compton emission, sththa
two peaks show comparable luminosity for the highest aieret
rate spectrumlfgrin = 0.5; blue), while the Compton peak is
~ 2 orders of magnitude brighter than the synchrotron peak at
log rh = —1.5 (red).

This is because the increase in synchrotron emission comes
from both the increase iR, and the increase in its seed photons
from the magnetic field. In contrast, the main source of sdud p
tons for the Compton hump is the BLR and the energy density of
BLR seed photons remains constant widlg.s < Rprr. Hence
most of the increase ificom, is due toP,,,. Only for the highest
accretion rates (blue and cyan spectra), do the other soafseed
photons Uz, andU,,., solid and dashed lines in Fig.2b) become
comparable witl/ ; . These are much lower energy photons than
the blue shifted BLR emission (Fig.2b). Consequently then@o

46

logvL(v) (Hz erg s 1)

42+

40,
8

20 22 24 26

logv’ U'(v") (Hz erg cm ™)

log U’ (erg cm™3)

—4
Z20

-0.5 0.0 0.5

log m

-1.5 -1.0

Figure 2. Spectral changes with accretion rate using standard jét sca
iNgs (Raiss < M, P!, o« 1M, B o (r/M)/?). a). FSRQ model
SEDs for fixed BH mass and increasing accretion retgf» = —2 (ma-
genta),—1.5 (red), —1 (orange),—0.5 (green),0 (cyan) and0.5 (blue),
Mgy = 10° Mg). b). Corresponding seed photon energy density spectra
as seen in the jet frame. Solid lines show synchrotron seetbp, dashed
lines show accretion disc plus coronal seed photons, dsitethlines show
seed photons from the BLR plus coronal flux reflected by the Bairl
dotted lines show seed photons from the torus. The seed mplestergy
density from the torus is the same for all accretion rate® 3é&ed pho-
ton energy density from the BLR is the same for all accretates except
logm = —2, whereZy;ss > Rprr- C). Seed photon energy densities
in jet frame as a function of accretion rate. Blue line sh@#s, red line
showsUY,,,,., black lines show energy densities of external seed photons
dashed line show&’), + U, dot-dashed line showSy; . + Uk 5 s

dotted line showg$/ ., and solid line shows totd/; .
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Zlimit

9 10

8
log M (M)

Zlimit

—0.5 0.0 0.5

log

—2.0 —1.5 -1.0 1.0

Figure 3. a). Redshift limits for Fermi visible FSRQs as a function &fdk hole mass, for increasing viewing angle=€ 0 (black), 1/T" (blue) andl/2T°
(magenta), wher€ = 13) ands = 0.1. b). Redshift limits for Fermi visible FSRQs as a functioraatretion rate, foM g = 107 (red), 10® (magenta),

109 (blue) and10'° M, (black) andd = 0.

ton hump at the highest accretion rates is much broader, lhasve
being more similar in luminosity to the synchrotron peak.akg
this gives a spectral shape much more typical of low acaretite
BL Lacs, except now it is the result of an extremely higltausing
Utyne to dominate ovet/;,, rather than (in the case of BL Lacs)
an extremely lown whereU.,, is absent.

The red spectrum in Fig.2&f n = —1.5) shows the great-
est luminosity difference between synchrotron and Compéaks.
The difference lessens again for the lowest accretion peetsim
(magentalog 7 = —2). This is becaus&prr o LY/* oc /2.
For a10° M BH atr = 10~2, the BLR radius has shrunk so
much that it is now less than the distance to the jet emissigion.
Once the BLR is behind the jet emission region, its seed pisoto
are de-boosted anti;;; r drops significantly (compare magenta
and blue dot-dashed lines in Fig.2b). The amount of coolhogsl
shown by the appearance of a cooing break(adfHz in the ma-
genta spectrum. Synchrotron and accretion flow seed phbns
come more important, broadening the Compton hump again. But
even these cannot help for long; = 1072 is the rate at which
accretion flows make the transition from radiatively effitiéo
inefficient. Belowr» = 1072 UV bright accretion discs can no
longer be sustained and give way to ADAF like flows. This selyer
reduces the available accretion flow seed photons and igélyct
switches off the BLR, since there are no UV photons to illuzbén
it. This final magenta spectrum represents the transitimm filim-
ming FSRQ to a low accretion rate SSC BL Lac.

Fig.2c shows the total energy densities of seed photonin th
jet frame as a function of accretion rate. Fet.5 < logm <
—0.5, Uz dominates, suppressirg;,,,. and giving the lumi-
nous Compton hump and much smaller synchrotron peak typi-
cal of FSRQs. Only at the extremes of accretion rate dégs.
dominate. At super Eddington accretion raté%,,,. and U,
start to overtaké/; ;. 5, producing a pseudo-BL Lac type spectrum
but with extremely high luminosity. At the lowest accretiates,
U;ync recovers wherR g r has shrunk below s, reducing the
external seed photons and beginning the object’s tranditia low
accretion rate SSC BL Lac.

4 FSRQVISIBILITY

Having shown how the spectrum of a FSRQ might change with
mass and accretion rate, we now investigate the redshiftslim
at which FSRQs of different masses and accretion rates ghoul
be visible to Fermi. We define a flux limit dfigev —100Gev >

5 x 107 'photons em™2s~* from the Fermi 1 year catalogue
(Abdo et al. 2010). If a FSRQ of a given mass and accretion rate
hasF > Fj;mi: in the Fermi band we assume it will be detected.

Fig.3a shows the redshift limits for Fermi visible FSRQs as
a function of BH mass. We fixn = 0.1 and show three different
inclination anglest = 0 (black),1/T" (blue) andl/2I" (magenta).
Clearly more closely aligned FSRQs are seen out to higher red
shifts. The limiting redshift increases with mass, sid¢g,, in-
creases with mass (see Fig.1a), ustil0%5 M. A highly aligned
FSRQ with a10°° M BH can be detected out beyord= 6.
However, abové 0°-° M, the redshift limits drop sharply to < 2
for a10'° M BH. The reason for this can be seen in Fig.1a. For the
most massivé0'° My, BHS, Z4i.s > RpLr, becauseZy;., grows
x M while Rprr x M2, BLR photons are still the dominant
source of seed photons, however they are now behind theiemiss
region. Consequently they are deboosted, so that the peagyen
of BLR seed photons is lower. This shifts the peak of the Comp-
tonised emission to lower energies and the flux in the Fermdba
(1 —100GeYV, corresponding t23.38 < log v < 25.38) drops sig-
nificantly. The luminosity of d0'° M, FSRQ atl0?*Hz is almost
2 orders of magnitude less tharl@® M BH at the same accre-
tion rate (compare black and blue lines, Fig.1a). Redsigifthe
spectrum only exacerbates the shift of the Compton peaknterlo
energies and further reduces the Fermi flux. Consequendyed-
shift limits of 10'° M FSRQs are nearer thoseldf’~® M BHs.

Fig.3b shows the redshift limits for FSRQs as a function of
accretion rate for four different BH masselgx = 107 (red),
108 (magenta)10° (blue) and10'® M, (black) andd = 0). ziimi:
increases withn, however the rate of increase differs with mass.

The redshift limits forl0”~® M, FSRQs increase very slowly
with accretion rate (magenta and red lines). The redshift fior a
10" M FSRQ is~ 0.5 atlog i = —2 and~ 0.75 atlog m = 1.
108 M, FSRQs show a similarly small facter 3 increase over the
same range in accretion rate. This is because the dominaht co
ing is through SSC for low mass FSRQs, due to the small emis-
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Figure4. Predicted mass and accretion rate distribution of acgrétimck holes at increasing redshift from the Millennium giation. Colours trace luminosity
density, where we define luminosity density as the numbesitiemultiplied by the luminosity [) at that mass and mass accretion rate, whiete nM ¢

for the thin disc regimel0~2 < r < 1), joining smoothly onto a radiatively inefficient regimelatver 7 where L o 72 (Narayan & Yi 1995) and onto

a super-Eddington flow at highet whereL o In(1 + 77) (Shakura & Sunyaev 1973). The luminosity density in egchV/, 7n) bin therefore depends on
the mass, accretion rate, spin (which sgtsthe inferred accretion regime and the number of blackshiwleéhat bin. Red shows the mass and accretion rates
at which the maximum accretion luminosity is emitted at elactshift.

sion region size and high magnetic field. As a low mass FSRQ tons), which always dominates over BLR IC. Even though the to
(10778 My,) increases its accretion rate frdng i = —2to 1, its luminosity is increasing, the shift of the peak emissiorotedr en-
Compton spectrum changes from being high peakee (H0%*Hz) ergies means the Fermi band flux increases more slowly armehen
to low peaked £ 10%'Hz), analogous to the change in BL Lac  z;m:: Shows a very gradual increase.

spectra from high peaked to low peaked. The reason is the:same
increasingri increases the cooling, shifting all the peak energies
to lower frequency, because low mass FSRQs are similarly- dom
inated by SSC cooling (plus low energy accretion disc seed ph

In contrast,10° M, FSRQs show a much faster increase in
ziimst With i (blue line, Fig.3b). This is because they are almost
always dominated by BLR Compton scattering. The spectral en
ergy density of BLR seed photons peaks at higher energy (see
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Figure 5. Comparison of observed and predicted FSRQ redshift distrib
tions. Red line shows observed redshift distribution onfiedetected FS-
RQs found by Shaw et al. (2012). Black line shows predictelshrit dis-
tribution assuming all BHs within > 0.01 produce a FSRQ type jet. Blue
line shows predicted redshift distribution of Fermi vigifiISRQs, assuming
only BHs with7n > 0.01 and spina > 0.77 produce a FSRQ type jet.

Fig.1b, blue dot-dashed line), than the synchrotron and sked
photons which dominate in lower mass systems, hence thedlC pe
is at higher energy10*® compared tal0>°Hz, compare blue and
magenta lines, Fig.1a), so more of the luminosity increasebe
seen in the Fermi band. Only at the very lowest accretiorsrate
(logm ~ —2) does the Fermi visibility of d0°M, FSRQ dip
below that of al0® M, object. This is because the Compton cool-
ing is slightly more efficient in the larger mass object, shif its
Compton peak to slightly lower energy and hence giving itveelo
Fermi band flux.

The 10'° M, FSRQ (black line, Fig.3b) shows a similar ef-
fect, with z;;,,:: increasing slowly at first and then more rapidly
for logrm > —1. This is becaus&Rprr o M'/?m'/? while
Zaiss o< M, hence for larger mass a highet is needed for
RBLrR > Zdiss, .6. RBLr < Zaiss UP to higherrm. While
RBLr < Zaiss, the IC hump is dominated by synchrotron, accre-
tion flow and deboosted BLR seed photons, so its peak is arlowe
frequency and the Fermi band flux (102*Hz) is significantly re-
duced. ONCRBLRr > Zaiss (atlogm ~ —1 for M = 10'°My),
Doppler boosted BLR seed photons dominate apd,: increases
dramatically.

5 PREDICTED FSRQ POPULATION FROM
COSMOLOGICAL SIMULATIONS

Combining our scaled jet emission model with the resultsifoos-
mological simulations allows us to predict the populatibR 8RQs

i.e. in the radiatively efficient regime, produce a FSRQ tgieWe

can then calculate the number of AGN hosting a FSRQ jet in each
(z, M, rn) bin. If this number is less than 1 we use Poisson statistics
to randomly determine whether a BH is present or not. Each BH
in each(z, M, ) bin is then assigned a random distance within
this redshift bin and rando,,, assuming:os 6,5 is distributed
uniformly. We then calculate the observed spectrum to deter
whether or not the jet would be visible to Fermi. We choose the
flux limit of the Fermi 1 year catalogue, in order to compare ou
simulation results with the observations presented in Séal.
(2012).

Fig.5 shows the predicted redshift distribution of Ferrsilvie
FSRQs (black line). The predicted distribution peaks betwed-
shifts1 < z < 2.5. This corresponds to the peak in quasar activity
atz ~ 2. At later times ¢ < 1), typical BH accretion rates drop
below10~2 due to systems running out of gas to accrete (Fig.4). At
low accretion rates, the accretion flow becomes radiatiwedffi-
cient and no longer produces the copious UV required to ithaite
the BLR. This effectively switches off the sources of extdiseed
photons, so that the BHs produce BL Lac rather than FSRQ type
jets. A few systems remain at high accretion rates - thegedaljp
host smaller BHs 107 M), which haven't yet used up their
gas supplies. These correspond to Seyfert galaxies in¢taélmi-
verse. According to our criteriai{ > 1072), these BHs should
host EC jets. However Fig.3a shows that the Fermi visibditjets
from such small BHs is poor, so their contribution to the nemiif
FSRQs at late timeg(< 1) is small.

Whilst the predicted redshift distribution peakslak z <
2.5, there is a tail out to high redshifts, with the most distaBRR)s
being detected out to ~ 5. As redshift increases, the typical BH
mass decreases. At = 2, the bulk of the accretion luminosity
is produced byl0® M, BHs (Fig.4). Forz > 2, the typical BH
mass producing the bulk of the accretion luminosity drogsvee
10% M. Fig.3a shows how sharply the Fermi visibility drops with
mass, more than halving for a decade drop in mass frofn—

108 M. Fig.3b shows that for small BH mass (10% M), the
increase in accretion rate at early times does not compensat
the drop in mass in terms of Fermi visibility (compare magent
and blue lines, Fig.3b). The decreasing tail of the predictelshift
distribution from2.5 < z < 5 is therefore due to the decreasing
number density o10%~° M BHs and the increasing reliance on
strongly beamed source&.(s ~ 0) to reach the Fermi flux limit.

The total number of Fermi visible FSRQs predicted by our
simulation is~ 26000, while the actual number of FSRQs detected
in the Fermi 1 year catalogue is 300 (Abdo et al. 2010). Our
simulation overpredicts the number of Fermi visible FSRQs k2
orders of magnitude. This is one order of magnitude lesstthaB
orders of magnitude discrepancy found in Paper 1 using tine sa
method to predict the Fermi population of BL Lacs. Neverhs|
a 2 order of magnitude discrepancy is still too large to béagmpd
by the sky coverage limit of Fermjy > 10° implying 80% of

that should be detected by Fermi. As in Paper 1, we use the BH the sky is included). In Fig.5, we also show the observedhiéds

number densities from the Millennium Simulation (Springehl.
2005; Fanidakis et al. 2011; 2012), which predict the nundfer
SMBHSs accreting at different redshifts together with theasses
and accretion ratesi(z, M, m)). In Fig.4 we show the luminosity
density (ie. number density multiplied by accretion lunsity) of
BHs predicted by the simulation as a function of mass ancktiocr
rate at different redshifts. The simulation has been foundgree
well with the observed number densities of broad line andomar
line AGN in the local universe (Fanidakis et al. 2011; 2012).
We initially assume that all BHs accreting with > 1072,

distribution of Fermi detected FSRQs from Shaw et al. (2@det)
line). The observed redshift distribution peaks at lat@es (0.5 <

z < 1.5 rather thanl < z < 2.5), with no FSRQs detected in
the 1LAT catalogue withe > 3.5. Not only is the total number of
FSRQs overpredicted, but the shape of the redshift diioibalso
does not match the observations.

Fig.6¢c&d show the predicted mass and accretion rate distrib
tions of Fermi visible FSRQs from the simulation, compaiethe
observed distributions (Fig.6a&b) measured by Shaw e2all%).
The typical predicted FSRQ accretion rate-i$ < logm < 0,
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Figure 6. a). and b). show, respectively, observed mass and accratierdistributions of Fermi visible FSRQs from the data ch8let al. (2012). c). and
d). show predicted mass and accretion rate distributiofieeohi visible FSRQs assuming all BHs with > 0.01 produce a FSRQ type jet. e). and f). show
predicted mass and accretion rate distributions of Fersitbdd FSRQs assuming only BHs with > 0.01 anda > 0.77 produce a FSRQ type jet.

since Fermi visibility increases with accretion rate. Ab&dding-
ton, the increase in Fermi flux withh becomes progressively less
(see Fig.2a) and the number density of super Eddington ssufc
sufficient mass$ 10% M) drops off sharply, both of which result
in the typical FSRQ accretion rate being just sub-Eddingttnis is

in rough agreement with the findings of Shaw et al. (2012),rehe
most FSRQs are observed to have < log i < 0.5. The typical
predicted mass 5088 M, since these FSRQs are bright in the
Fermi band and most numerouslak z < 2 where quasar activ-
ity peaks. The results of Shaw et al. (2012) show that therobde
distribution is less sharply peaked and the peak extendgttlg
higher mass10®~°Ms).

5.1 Dependenceon Black Hole Spin?

By assuming that every BH accreting with > 102 is capable of
producing a FSRQ jet, our simulation overpredicts the nunolbe
Fermi detected FSRQs by two orders of magnitude. Clearlthano
factor is reducing the number of FSRQs detected by FermielPap
1 found that the number of Fermi detected BL Lacs was siryilarl
overpredicted (by 3 orders of magnitude) when the same igeén
was applied to predict the observed population of BL Lacs. (i.
all BHs accretingbelow 10~2 produce BL Lac type jets). Paper
1 found that the observed numbers of BL Lacs, and their ré&dshi
distribution, were much better reproduced assuming thigtlagh
spin BHs ¢ > 0.8) with 7 < 10~2 produce BL Lac type jets. This
suggests BH spin might be important in the production of lyigh
relativisticT" = 15 jets in BL Lacs. Maraschi et al. (2012) suggest
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Figure 7. Redshift distribution of high spin BHs:(> 0.8) from the Mil-
lennium simulation, assuming accretion is chaotic at alshéfts. Red line
shows BHs accreting withi, < 102 (corresponding to BL Lacs), blue
line shows BHs accreting at > 102 (corresponding to FSRQs), black
line shows total.

that the efficiency of spin-powered jet production dropssbfirply
below 0.8, which provides additional support for an effective spin
threshold for relativistic jet production at~ 0.8 (although this is
highly uncertain and there could be a more continuous Higion

of jet power with spin, e.g. Tchekhovskoy et al. 2010). Weegw
tigate the effect of a sharp cut-off in jet power with spin the
FSRQs in order to compare with the BL Lacs in Paper 1.

The cosmological simulations track the evolution of BH spin
as well as tracking their mass and accretion rate. BH spiifestad
both by accretion and by BH-BH coalescence following galaxy
mergers (Volonteri et al. 2005; 2007; Fanidakis et al. 2@01;2).
BH-BH mergers produce highly spinning BHs, as the final mgrge
BH is spun up by the angular momentum of the orbiting merging
BHs. The effect of accretion on BH spin depends on the mode of
accretion. For the case of prolonged accretion, all the risaas-
creted in a single event, with a single angular momentunctioe,
which is sufficient to spin most BHs up to maximum (Volontdri e
al. 2005; 2007). If the accretion is chaotic, with gas a@siéh a
series of smaller events that are randomly aligned, thengailar
momentum transfer to the BH is zero (King et al. 2008). Cluaendi
cretion therefore results in predominantly low spin BHsthwiigh
spins being rare and only produced by BH-BH mergers (Fargdak
etal. 2011; 2012).

Paper 1 found the chaotic accretion model was required to
match the population of Fermi detected BL Lacs. High spin in
the chaotic accretion model is rare, so requiring high spiduces
the predicted number of BL Lacs, in better agreement with the
observed numbers. Requiring high spin also causes thecpeddi
redshift distribution to peak at later times (lower redgtéind in-
creases the typical predicted BL Lac mass (since gas po@erser
happen later and produce the most massive BHSs), in betteeagr
ment with observations. Hence we choose the chaotic acoreti
model.

The blue line in Fig.5 shows the predicted redshift distitmu
of Fermi visible FSRQs after imposing a spin cut, so that @&itis
with 7 > 1072 anda > a..: produce a FSRQ type jet. We find
acut ~ 0.77 is required to reproduce the observed number of Fermi
detected FSRQs. However, closer comparison of the obsarned
predicted distributions (red and blue lines) shows thétpalgh the

total number of FSRQs is better reproduced, the simulatomat
reproduce the tail out to high redshifts (2). Imposing a spin cut
limits the maximum expected FSRQ redshiftda.3.

Fig.7 shows the number density of high spin BHsX{ 0.8) as
a function of redshift from the Millennium Simulation (blatine).
This has two peaks, one at= 0 and one at = 5. The red line
shows the number density of high spin BHs with low accretains
(th < 1072). These are responsible for the peak at 0. They get
their high spins from late gas poor mergers, so represennts
massive BHs. This is the population of BHs responsible fer th
production of BL Lac jets. The blue line shows the number dgns
of high spin BHs with high accretion rates:( > 10~2). These
are responsible for the peakat 5. They acquire their high spins
through early mergers of much smaller BHs. At early time3Hs
still have a plentiful gas supply (hence their high accretiates)
and subsequent chaotic accretion gradually spins downkise &
that the number density of high spin high accretion rate Biépsi
with decreasing redshift, not only because typical aconetates
drop, but also because most BHs are losing their earlierspgts.

If we require high spin as well as high accretion rate to poeda
FSRQ type jet, then these are the BHs that should be responsib
for FSRQs. However, when we include a spin cut in our simoifati
our results cannot replicate the observed FSRQ populaéitwezn

2 < z < 3. Fig.7 (blue line) shows that the number of high spin
high n BHs has dropped significantly B < z < 3. Many of
the high spin BHs that remain are still smalD{—* M), because

if they had grown significantly since their last merger thegass

of chaotic accretion would have reduced their spins. As alties
they are not massive enough to be Fermi visible in our sinaurat
Yet the observations show there are some relatively magiiie
with FSRQ jets at these redshifts. Our simulation accowntsgin
ups due to mergers, so these BHs cannot have acquired thresr sp
through mergers, but must have maintained them whilst grgwi
by accretion.

This suggests that early accretion may be more organised tha
late accretion. Perhaps there is a transition from proldrayre-
tion to more chaotic accretion as gas supplies diminish add r
shift decreases. In assuming a chaotic accretion modeghoo,
we have therefore underestimated the number of high spind8Hs
higher redshifts¥ 2), where accretion may be more ordered.

However, we know that, in order to reproduce the observed BL
Lac population, most BHs must have been reduced to low spins b
z = 2, when accretion rates drastically drop and chaotic aagreti
takes over. The problem then is, if BHs are not being spun dmoywn
chaotic accretion at early times, what causes the BHs tothmse
high spins when their accretion rates drop at 2?

There is one additional factor that affects BH spin, asidenfr
accretion mode and BH-BH mergers, that the simulation dogés n
take into account, and that is the jet itself. Powering a lyigél-
ativistic jet should cause the BH to spin down (eg. Nemmen.et a
2007, Tchekhovskoy 2011, Dotti et al. 2013). Perhaps ay &exks
(z > 2), when accretion is more ordered, the angular momentum
the BH gains from the prolonged accretion flow balances tire sp
down effect of the relativistic jet. Then, when the accnetrate
drops atz ~ 2, the BH loses this input source of angular mo-
mentum and the jet spins down the BH (which in turn switchés of
the highly relativistic jet). A powerful jet can spin down antral
black hole in3 x 10® years (Tchekhovskoy & McKinney 2012;
Tchekhovskoy & Giannios 2015). As a result, most BHs at late
times ¢ < 2) are low spin and the only high spin BHs are those
which were subsequently spun up in late gas poor BH-BH msrger

Fig.6e&f show the predicted mass and accretion rate distrib
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Parameter < FSRQ > yNLS1 Standard Scaling Prediction
M (Mg) 10° 1.5 x 108 1.5 x 108

m (L/LEqq) 0.1 0.5 0.5

Raiss (x1015cm) 18.9 6.75 2.835

P!, (x10%3ergs—1) 2.0 2.3 1.5

B (G) 2.6 4.1 15.0

Table 1. Comparison of the observed jet parameters forntheS1 PMN J0948+0022 (Abdo et al. 2009c) with those expeatenh scaling the mean FSRQ
jet parameters from G10 according to standard jet scaliRgss( o< M, P, oc M, B o (rn/M)/2).

tions of Fermi visible FSRQs from our current simulationlire:
ing a spin cut. Both are in clear disagreement with the oleskrv
distributions (Fig.6a&b). Imposing the spin cut has prefeially
selected for low accretion rate objects ¢lose tol0~2), which are
typically higher mass (Fig.4). These objects are the higinetion
rate end of the BL Lac population — either late mergers thatwe
not gas poor, or BHs around~ 2 with decreasing accretion rates
that are in the process of transitioning to a radiativelyfficient
accretion flow and a BL Lac type jet. Our spin cut has not cagtur
the population of high accretion rate, relatively high makgects
(108-10%) at1 < z < 3 that make up the bulk of the observed
FSRQ population. This further emphasises that a more dbphis
cated model combining chaotic and prolonged accretiorodps
with jet spin down is required to trace the evolution of BHrspi
beyondz = 2, assuming highly relativistic FSRQ jets really are a
tracer of high spin objects.

6 CAVEATS

The Fermi band flux in FSRQs is dominated by Compton upscat-
tering of seed photons from the BLR. We have approximated the
BLR as a spherical shell of radiuBzrr centred on the BH so
that some fraction of the seed photons come from directlpcioé

the jet. However, studies of line profiles have shown thaBhR
geometry may be more flattened, perhaps indicating an oagin

a disc wind (Kollatschny & Zetzl 2013). Nonetheless, ah@yra
would still mean that these photons would appear close ® dac

in the jet frame for the bulk Lorentz factors assumed herehiso

is unlikely to have much of an effect.

We have assumed that a fixed fractiongfis reprocessed by
the BLR and torus. Again, this may not be the case. G10 find from
spectral fitting of a sample of FSRQs that the fraction doeg va
slightly, although not by much, so this should not be impuria
our statistical sample.

fraction of that time then this will reduce the number of Feder
tected FSRQs. We overpredict the number of Fermi visible@$SR
by 2 orders of magnitude assuming every BH with> 10~2 pro-
duces a FSRQ jet. If each of these BHs only produces a FSRQ jet
100" of the time of each accretion episode, then we could match
the observed numbers without needing any limits on the spin o
the BH. However, FSRQs should be the aligned analogues df FRI
sources (Padovani & Urry 1992). The large scale radio lofes o
FRII sources indicate that the jet producing them must bsiper
tent, since the time taken to produce such large scale stascis
~Myr, probably similar to the time of each accretion episddee
explanation may then be that the large scale structure dupsz

by a persistent slower jet, while there is a fast central espiith

I' = 13, which appears as a FSRQ when viewed head on and is
intermittent.

6.1 TheGamma Ray Loud NLS1 asa Test of Jet Scalings

Our jet scalings reproduce the major trends seen in the F$&@rb
sequence (see Section 3.1 and 3.2). However, most of thgseob
are high mass BHs. The small number of Gamma-ray loud NLS1s
(YNLS1s) provide a unique opportunity to test the jet scaliogs
much smaller masslL(®~® M), high accretion rate AGN. These
~+¥NLS1s are a subset of the radio loud NLS1s (Komossa et al)2006
which have been detected by Fermi. They show Doppler boosted
jet emission with a weak synchrotron hump and strong IC doriss
so that their SEDs appear like ‘mini FSRQs’ (Abdo et al. 2009a
2009b). The high accretion rates of NLS1s & 1) mean that their
accretion flows are in the radiatively efficient regime, giythem
a BLR (albeit with relatively narrow broad lines), so theyshl
correspond to low mass FSRQs. In which case, we should be able
to replicate their spectra simply by turning down the massun
mean FSRQ spectral model.

PMN J0948+0022 was the firsfNLS1 to be discovered.
A multi-wavelength monitoring campaign was carried out ba t

We have used the mean FSRQ spectrum of G10 as our modelsource in 2009. Abdo et al. (2009c) subsequently fitted ibgdbr

spectrum from which to scale, however FSRQs are highly blia
During flaring the Fermi flux can increase by more than an aotler
magnitude. As a result, distant FSRQs that would not nogni|
detected may become visible. For example, Ghirlanda e2@1.1)

band spectrum with the jet model of Ghisellini & Tavecchio@g).
In Table 1 we show their derived values &%;s, P.., and B.
We also show the expected values®f;.s, P,., and B for this

source that result from scaling the mean FSRQ parameter§@f G

note that some EGRET detected FSRQs were not visible in theasR « M, P/, « M andB « (n/M)/?, according to the

first years of Fermi LAT observations despite its much bettar-
sitivity, showing that the EGRET detection was only a shantirfig
episode. This would extend the tail of the redshift disthiifau out

to higher redshifts than otherwise expected. In only maugiihe
typical FSRQ emission, such events have not been includedrin
simulation.

More importantly, we have also assumed that a FSRQ jet is

produced for the entire time a BH is accreting with > 1072,

If instead the jet follows a duty cycle and is only produced d0

mass and accretion rate of PMN J0948+0022 £ 1.5 x 10® Mo,
m = 0.5). These scalings correspond to assuming both the power
injected into relativistic electrons and the power in magnigelds
are a fixed fraction of the accretion power, iR.,, x Pp
Pace < mM. In Table 1 we also list the mean FSRQ values for
reference.

The values ofR4;ss and P,..; found from fitting the observed
spectrum of PMN J0948+0022 are both slightly larger than ex-
pected from scaling from the mean FSRQ parameters. However,
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the biggest difference is in the magnetic field strengthliSgahe
mean FSRQ magnetic field strength26 G asB o (rn/M)/? 180
implies PMN J0948+0022 should have a jet magnetic fielthds.

In reality, the magnetic field required to fit its spectrum iaain
smaller ¢ G). This is larger than the mean FSRQ value, as expected
for its smaller mass, but not nearly as large as the standalithgs
predict.

In Fig.8 we show the effect of this on the observed spectrum.
The black line shows the spectrum produced taking the meRQFS
parameters and scalin@q;.s, P.., and B to the mass and accre-
tion rate of PMN J0948+0022 according to the standard sgalin
relations, i.e. standard scaling prediction from Tablete Ted line 4.0}
shows the same spectrum, but repladitigss, P,.; and B with the
values found by Abdo et al. (2009c) from fitting the observeecs YO0 12 11 16 18 20 22 21 26
trum of PMN J0948+0022 (i.e. observed values in Table 1). The logv (Hz)
red line is not a fit to PMN J0948+0022, since we have kept the
other parameters I" etc.) the same as the mean FSRQ, in order scalings with a spectrum using observationally constthiparameters.

- . )
to show just the gffect of Correctlnﬁfm&:, Pfel and B (although Black line shows expected jet spectrum for a BH with mass asdetion
we note that the injected electron distribution paramet&RMN rate of theyNLS1 PMN J0948+0022N = 1.5 x 108 Mg, 1 = 0.5),

J0948+0022 are not very different to those of the mean FSRQ).  from scaling the mean FSRQ spectrum of G10 according to atelrjet
is clear that replacing the values predicted by the starstzatings scalings Raiss o< M, P!, < 1M andB « (1/M)'/?). Red line
with the observed values has a big effect on the shape of #e sp  shows resulting spectrum replacitity;, P/, and B with the observed
trum. The high magnetic field predicted by the standard sgak- values found by Abdo et al. (2009c) to fit PMN J0948+0022. Saaerl
lations causes synchrotron and SSC emission to dominabgatie for parameter values.

predicted spectrum, resulting in synchrotron and Compteake

of similar luminosity. The resulting spectral shape is &mio that

of a BL Lac, where the only source of emission is synchrotmh a 7 COMPARING FSRQ AND BL LAC JETS

SSC emission. In contrast, when we use the observed valhesew
the magnetic field is much lower, the Compton emission is domi
nated by IC from external seed photons and the synchrotras em
sion is suppressed (red spectrum). As a result, the Compizkip
much brighter than the synchrotron peak — a spectral shage ty
cal of FSRQs. However, according to the standard scaliatioals,
~vNLS1sshouldn't look like mini FSRQs — SSC should dominate
their Compton humps not IC.

logvL(v) (Hz erg s7)

Figure 8. Comparison of ayNLS1 spectrum predicted using standard jet

FSRQs and BL Lacs are typically understood as represertimg t
two ends of the ‘Blazar sequence’. The transition from loweo

BL Lac to high power FSRQ can be understood in terms of in-
creasing accretion rate onto the central BH. The dimmest &ts|
produced by the lowest accretion rate BHis (< 10~2), appear

as high peaked BL Lacs (HBLs). Their low accretion rates mean
lower magnetic fields and lower injected electron powersiclvh
result in less cooling, so the synchrotron and SSC emissak p

This leaves us with two potential scenarios. The first is that at high frequencies. As accretion rate increadgsand P,.; in-

FSRQs simply do not follow standard scaling relations. Thiir- crease, the amount of cooling increases, so the electrtibditon
prising, given that these scaling relations are based dntjes cools down to lower Lorentz factors and t_he observet_:l synighto
assumptions: that the size scales of the jet should scaleB¥it ~ and SSC spectra peak at lower frequencies. Increasingnd the
mass, and that the power injected into relativistic elewtrand the ~ cOrresponding increase i8 and P, switch the observed spec-
power in magnetic fields is a fixed fraction of the accretiowgo trum from a HBL to a low peaked BL Lac (LBL). Ag: becomes

Fig.8 shows that replacing the parameters predicted bylatdn ~ dreater thart0=, the accretion flow around the BH switches from
jet scalings with those observed forAILS1 increases the Fermi a'radlatlvely |neff|C|e.nt flow to a radiatively efficient UV eetion

flux (v ~ 10%2) by half an order of magnitude. This suggests, if d|sc_, eﬁectlvely_ turning on external sources of seed phmt_anq
YNLS1s really are low mass versions of FSRQs, then the low mass 1€ jet stops being a BL Lac and appears as a FSRQ. In thiseictu
FSRQs in our simulation should be brighter and hence moiisleis e jet s the same in both cases, the only difference is ipoiaeer
than we have estimated. Consequently, our original predipbp- input (B and P,.;) and the presence or absence of external seed
ulation, which already overestimates the observed papuldty photons, both of which are linked by a dependence on the accre
2 orders of magnitude, should be an underestimate. Thisipaly ~ ton rate. However, in reality this is not the case. Therefarther

creases the need for some other factor, such as a limit on BH sp  differences between the two types of jet. o
to reduce the predicted numbers. Comparison of the mean injected electron distribution mara

eters found by G10 for FSRQs and BL Lacs shows that, and

The alternative scenario is that FSRQs do follow standard je -+, are much larger for BL LacSyg... ~ 10° for BL Lacs com-

scalings and the masses @fILS1s have simply been underesti- pared to10® for FSRQs andy, ~ 10* compared tol0?). The
mated. Several studies have suggestedtNaiS1 masses are sys-  difference between BL Lacs and FSRQs is not simply that the-el

tematically larger, and accretion rates correspondinglyel, than trons have a different seed photon field to cool off. The aredtd
previously estimated (eg. Calderone et al. 2013; Baldi.e2@i6; electron distribution is intrinsically different in FSR@smpared
D’Ammando et al. 2017). Given thagtNLS1s show strong Comp-  to BL Lacs. This suggests there is some difference in the \exy e
ton dominance, whereas standard jet scalings predict a mwpe trons are accelerated, presumably by shocks, in FSRQ jets co
ton dominance for typical NLS1 masses, our findings suppist t  pared to BL Lacs.

interpretation. A more fundamental difference is in jet opening anglg. (
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Here and in Paper 1 we have usgd= 0.1, which is typically as-
sumed for calculating blazar spectra. However, Krause €2@12)
have shown that) should be larger for BL Lac jets. They find
from hydrodynamic simulations that jet opening angle shts t
large scale morphology of the jet, with FRII jets (corresgiog
to misaligned FSRQs) being produced for opening anglez4°®

Universe are the most massive BHs, which have undergongdate
poor mergers. The problem then is how to explain the sudahrcre
tion in BH spin in those objects that were previously maimitaj
their high spin via prolonged accretion. This loss of spiryrba
caused by the jet itself, since a Blandford-Zdnajek jet iwged
by the spin energy. The resultant timescale for spin-dowedds

(= 0.4rad) and FRI morphologies (corresponding to misaligned on the balance of this extraction of spin energy with spin napnf

BL Lacs) being produced for larger opening angles. Sihoelates
Zaiss andRg;ss, this means that the same size emission region will
be located at smallef ;s for a larger opening angle. Since the cal-
culation of BL Lac spectra does not involve any external gees
tons, the only change as a result of accounting for a largeniog
angle in BL Lacs will be that the& ;s derived from fitting a given
BL Lac spectrum will be smaller.

A related factor is that the mean BL Lac BLF is slightly larger

accretion of the same material which brings in the magnetid o
power the jet (Wilson & Colbert 1995; Moderski & Sikora 1996)
While these objects are highly accretingzat 2, the angular mo-
mentum the BH gains from the prolonged accretion flow balsnce
the spin down effect of the relativistic FSRQ jet. Then, wiiee
accretion rate begins to drop at~ 2, the BH loses this input
source of angular momentum and the jet spins down the BH hwhic
in turn switches off the highly relativistic jet. A powerfigt can

than the mean FSRQ BLF (15 compared to 13, G10). The BLF of spin down a central black hole B1x 10® years (Tchekhovskoy &

the jet should influence where the dissipation region ist dor-
responds to a standing shock at the base of the jet. For |arger
material will travel further before shocking. The discowity in
both opening angle and BLF suggests tRatss and Z,;ss should
not scale continuously between FSRQs and BL Lacs.

8 CONCLUSIONS

We have combined models of FSRQ spectra together with fpescr
tions for how they should scale with mass and accretion ratetze
number densities of BHs from cosmological simulations &xdjmot

McKinney 2012; Tchekhovskoy & Giannios 2015), which is suffi
cient to reduce most previously high spin BHs to low spin & la
times ¢ < 2).

An important additional factor in our simulations are thalsc
ing relations we use to predict the spectra from FSRQs ofdifft
masses and accretion rates. We test these by comparingabed sc
models with gamma-ray loud NLS1sNLS1s), which should be
scaled down versions of the more massive FSRQs. We find that
standard scaling relations (allowing all sizescales tdeswath
mass and assuming the power injected into relativistictielas
and magnetic fields is a constant fraction of the accretiomepp
predictyNLS1s spectra should be much less Compton dominant

the number of FSRQs that should be observed by Fermi. If we as- than observed. On face value, this suggests that, for soaseme

sume all BHs accreting with > 10~2 produce a FSRQ jet, our
simulation overpredicts the number of Fermi detected FSBQs
two orders of magnitude. If we restrict the production of E5jets

to high spin BHs ¢ > 0.77), we can reproduce the observed num-
bers. However, our predicted redshift distribution doesaxtend

to as high redshift < z < 3) as the observed redshift distri-

FSRQ jets do not follow standard jet scaling relations. Hmuean
alternative explanation may be th@lLS1 masses are not as low
as previously estimated. In which case, the high Compton-dom
inance ofyNLS1 spectra supports the suggestion of other recent
studies (eg. Calderone et al. 2013; Baldi et al. 2016; D’Amdaoa

et al. 2017) thatyNLS1 masses have been systematically underes-

bution and we cannot match the observed mass and accretéon ra timated.

distributions of FSRQs.

We suggest this may reflect a limitation in the ability of the
cosmological simulations to track the evolution of blackehapin.
If production of FSRQ jets really does require a high spin B,
simulations suggest there should be more high mass higlBsfsn
at high redshift ¢ 2 — 3) than a solely chaotic accretion model
predicts. In a chaotic accretion model, high spin is rare @mg
achieved through BH-BH mergers. Therefore the number tensi
of high spin BHs peaks at ~ 5 (corresponding to the first merg-
ers of high accretion rate BHs) and~ 0 (corresponding to late
gas poor mergers of the most massive, lowest accretion tds3. B
Our simulations lack high mass high spin BHs at redshift 2 —3
because chaotic accretion spins down the BHs as they grawhere
observed redshift distribution of FSRQs requires modgratas-
sive (10°My) BHs atz = 2 — 3 that are high spin, assuming
the FSRQ population is a tracer of high accretion rate BH& wit
high spin. This means these BHs must have maintained higis spi
while they were accreting, suggesting a trend from chaaticea
tion (which spins down BHs) towards more prolonged accretio
(which can spin up/maintain BH spin) at high redshifts. Téig-
gests accretion must have been more ordered in the earlgtdeiv
at least for some objects (Dotti et al. 2013; Dubois et al4201

However, Paper 1 showed that, for< 2, a chaotic accre-
tion model is required to reproduce the observed populatidsiL
Lacs. This means that, by5 < z < 2, most BHs must have been
reduced to low spin, so that the only high spin BHs in the local

It is clear that not every BH accreting withh > 102 can
produce a FSRQ jet, just as not every BH accreting with<
10~2 can produce a BL Lac jet. Restricting highly relativistit je
production to high spin BHs produces a good match to the wbder
population of BL Lacs (Paper 1), so it is likely that high spiay
be similarly important for FSRQs, whose jets appear to béitpe
accretion rate analogues of BL Lacs. In which case, compittia
observed redshift distributions of BL Lacs and FSRQs shallddv
us to trace the population of high spin BHs as a function o$hétl
This provides a powerful observational constraint to telsetier
new models combining chaotic and prolonged accretion véth j
spin-down really can track the evolution of BH spin acrossncia
time.
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APPENDIX A:

The jet emission model is publicly available as #&PEClocal modelJeT. This is the single zone, leptonic, relativistic jet modeVveloped
by Ghisellini & Tavecchio (2009), as used in Ghisellini et@010), as coded up by Gardner & Done for this work. Pleasearce all three
papers if you use this model ksPEC It can be used in conjunction withPTXAGNF, which models the emission from the accretion flow.
In which case, the first three parameters (BH mass, comov#tgrite and accretion rate) can be tied together.

Table Al lists the model parameters. The first three set thenpeters of the BH and the distance. Parameters 4-7 set ftsicph
parameters of the jet: inclination to the line of sight, Bli#t opening angle and distance of the emission region freenBH. When
combined together the last two of these set the radius ofrtfieséon region, since the code assumes a conical jet. Paem8and 9 set the
jet magnetic field and the power injected into relativistectrons. Parameters 10-14 determine the shape of thégadjetectron distribution,
and parameter 15 sets the redshiiPECrequires a 16th normalization parameter, which must be fitenthity.
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The code can be used to model both FSRQs and BL Labsg Hh < —2 (parameter 3), the code assumes the accretion flow regime
is radiatively inefficient and there is no UV bright accretidisc. In this case, the external seed photon energy daasigt to zero and the
model calculates only synchrotron and SSC emission, pioduBL Lac type jet. Iflog 7 > —2, then the model assumes a radiatively
efficient accretion disc is present and it includes IC ernisfiom external sources of seed photons by assuming thetixedy efficient disc
illuminates the BLR and torus, both of which reprocess ativacf the disc emission. In this case, the code calcul&i@energy density of
seed photons from direct disc and coronal emission, BLR®arisreflection of coronal X-rays off the BLR and emissioonfrthe torus,
following the method of Ghisellini & Tavecchio (2009).

The code prints to screen which type of jet is calculated (B6€SC+IC), along with the logarithm of the power in radiatimagnetic
fields, electrons, protons and total jet powe¥ (Pg, P., P, and P;), where all five powers are in the observer’s frame. For S€Gets, the
code prints to screeRprr andR;r and flags ifZ4;ss > Rerr andZgiss > Rir.

The various spectral components (synchrotron, SSC, ECE&-ray corona, EC BLR, EC X-ray reflection from BLR and EQus)
can be written out individually, by editing the code and unogenting the six lines beginningrRITE(2,*). This produces file fort.2 in the
directory wherexspecis being run. Uncommenting the lines beginningITE(3,*) writes out the energy density of seed photons in the
jet frame ('(v")) in file fort.3, writing out in order: disc, coronal, BLR, refited coronal X-rays and torus seed photon energy denéfties
including IC) and, lastly, the energy density of synchroteged photons. Uncommenting the line beginniyTE(908,*) will write the
steady state electron distributioN (+y)) to fort.908.

Since the inclination of the jet is a parameter, the code mandctice be used to model any jet, not just highly aligneddnls. However,
the code assumes a single emission zone, so it is best soitedoblelling the high energy jet base emission. AlthoughRrb&TRAN
subroutine can be easily modified to be called multiple timitk increasing emission region size to model more exterstiettures.

Al Jet Emission Calculation

The emission comes from a single spherical zone of raBlius;. We assume the jet has a constant opening aggles(ch that the distance
of the emission region from the central BA{;ss = za4iss Rg) iS related to the radius of the emission region By;ss = ¢Zq.ss. We assume

material in the jet moves at a constant bulk Lorentz fadidrand that some fraction of the transported electrons amereted into a power
law distribution between minimum and maximum Lorentz fa€t@,.;,, and~,.4., of the form:

)75\1
)—sl+52:|

~p is the Lorentz factor at which the electron distribution rgpas in slope frons; to s2. We calculate the normalisatiadpo from the
power injected into the accelerated electroRS,():

3R

= Qoq(7)

Q(Y) = Qo {1 N

vy
2R

for Ymin <Y < Ymaz (Al)

, A1 3 5 TYmax
P’rel = ?Rdissmec QO ,yq(,-y)d,-y (A2)
ol

min

We calculatey...; after a light crossing timé.ross = Rdiss /¢ = Ycool /Yeool, 8S:

3mec?

_— A3
dorRUL,, 49

Yeool =
whereU/ ., = Up + Usyne + UL, is the sum of the energy density in magnetic fields, synchnogmission and external emission which
provides the seed photons for cooling.

We solve the continuity equation to find the self-consissteady state electron distribution:

N7, teross) = Kn(y)

AQoq(v)
for Tmin < 7Y < Yeool (A4)

3me 2 Qo
2

N3
dorcUl 4 7

f';}%naz q(,_y)d,_y
for Yeool <V < VYmazx

whereA is found by matching atcoo:.
We use the delta function approximation and calculate theraptron emissivity as:

./ ’ orc ..
= —_UxryN A5
sznc(y) 6 I/, BY (’Y) ( )
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where the electron Lorentz factor and synchrotron photeguency are related by = /3v//4v}; and we calculate the synchrotron
self-absorption frequency/{,,) as given by (Ghisellini et al. 1985):

s Roien 2/7
Vo = (4.62 X 10141(32‘0&) (A6)
0.7
We calculate Compton emission including the Klein-Nishinass section using the delta approximation:
‘ ore [Tmer [Vieedmaz Ul (V.
Jéomp(yl) = 6— / MVN(’Y)dV;eedd’Y (A7)
T S min V;ccd,min Vseed
where the electron Lorentz factor and Compton photon frequare related by = /3v//4v7,_,.
Bulk motion of the jet boosts and blue shifts the emission.céleulate the observed flux as:
./ / -/ /
! sync com 4
F(/8/(1+ ) = YamelD 2 Jeom) 47 s (»8)

wheres = (T' — cos /T2 — 1) ' is the Doppler factor and..., is the comoving distance to the object at redshift

We neglect photon-photon pair production. However, thesataiculates the source compactness and flags a warning: i0. This
corresponds te,~ ~ 1, i.e. when the source starts to become optically thick tagrivphoton pair production and this effect becomes
important. For most blazar jets the compactness is typieals.

A2 External Seed Photons

If logrh > —2, the model assumes a radiatively efficient accretion digrdsent and includes IC emission from external sourceseaf se
photons, calculating the energy density of seed phototsifiig the method of Ghisellini & Tavecchio (2009). The mbiteludes direct
disc and coronal emission, BLR emission, reflection of catofirays off the BLR and emission from the torus.

The accretion disc luminosityl(;) is calculated fromM andr (parameters 1 and 3). Each annulus of the disc is seen ateaeditf
angle with respect to the jet emission region so receivefereince amount of Doppler deboostirig ). We approximate the energy density
of disc seed photons from each annulus in the jet frame as:

viel) = W)y, (9)

o3 hv' /b
exp [Td} -1

wherebg = I'(1 — Bua), pa = cosn andn is the angle of the annulus with respect to the jet gxistherefore varies betwean, .. = 1,

for the innermost radii which are directly behind the jet @axgperience most deboosting, fg,:» = [1 + (Rdmm/Zdiss)Q] ~2 for the
outermost radiufq, .« = 1000R,. We calculate the temperature of each disc radius from ttes imad accretion rate input in parameters
1and 3.

We assume the luminosity of coronal X-raydis = fx Lqs = 0.1L4 and the corona extends fox = 60R,. Its emission is therefore

deboosted by a factéry = I'(1 — Bux), whereux = [1 + (RX/ZdiSS)ﬂ ~2 The total energy density of coronal seed photons in the
jet frame is therefore:
;o IxLal? [0 2 B s
Ux = TR%c 1—px —B(1—pux)+ 3 (1 —px) (A10)

We assume the spectrum of this emission is a cut off power tamirsg frombx v4,pear in the jet frame, whereg pear = 4kTmax/h
is the frequency at which the unboosted disc spectrum peéksissume the power law cut off = 150 x 103¢/h, so that:

Uy (V') < /7% exp {—byy } (A11)
XVe

wherea = 1.
We assume a fractiofiz,r = 0.1 of the disc luminosity is reprocessed by the BLR. This emissakes the form of a BB centred on
the frequency of the Lyman line (vryo = W‘;w,s)), so that:

1/3

exp ["7/] -1

bBLRVLya

UpLr(v') o (A12)

The total energy density in the jet framE; ) and boosting factorbz . zr) depend on the radius of the BLR g, zr) compared to
Z4iss- The radius of the BLR scales withy, as:
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Lq 1/2
R =107 (—~2— Al13
BLR (1045erg 5*1) om (AL3)

If Zagiss < RBLR:

1712 fBrLrLa

UbLr = 3" 4rere,, (A14)
bprr =T (A15)
|f Zdiss > 3RBLR:
,_ ferrLa T? B 3 3 (1 _ 23
UprLr = 747TCR2BLR 33 [2(1 Bu1) (1 - Bu2) 1-5) ] (A16)
27—-1/2
p1 = [1+ (RBLRr/Zaiss)7] (A17)
pa = [1 = (Rprr/Zaiss)?] (A18)
bprr =T'(1 = Bu) (A19)

If Rerr < Zaiss < 3RBLR, WE USe a power law interpolation between the two regime&fgr, and uséhgrr = I'(1 — Bua) for
Zaiss = 3RBLR.

We assume a fractiofix s r = 0.01 of the coronal X-rays are reflected by the BLR clouds. We assilma reflected emission has the
same cut off power law shape as the direct coronal emissioth iB sz andUx g,z Vary asbprr andUgp r, With fprrLg replaced
with fxBrrfx Lq.

We assume a fractiofiyr = 0.3 of the disc luminosity is reprocessed by the torus. This simistakes the form of a BB at 370K
(i.e.vrr = 370k/h), so that:

1/3

Utr(vV') o¢ —————— (A20)
exp [bIRVIR] -1
As in the case of the BLR seed photob&,; andb;r depend on the radius of the toru8(r) compared tdZ,;ss. Rrr scales withL4
as:
Rig = 2.5 x 108 (—29d___y1/20m, (A21)
’ 1045erg s—1

and again we consider three regimesZifss < Rrr:

/ firLql'
Utn = dmcR%, (A22)
If Laiss > SRIR:
, Lg T2
Utr = 4{ij§1 37 (20— 8u)” = (1= Bu2)” = (1= 9)’] (A23)
= [1+ (Rir/Zaiss)?] (A24)
o = [1 — (RIR/Z(MSS)Z] 1/2 (A25)

If Rir < Zaiss < 3Rrr, We use a power law interpolation between the two regimed/gy. In all three cases we udgr =
I'(1 — Burr), whereurr = cos(arctan(Rir/Zaiss))-
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Parameter  Description

1 M BH mass in solar masses
2 Reo Comoving distance in Mpc
3 logm Logarithm of mass accretion rate in unitsiof L g 44
(if logm < —2, code does SSC with no external seed photons)
4 Oops Inclination of jet axis from line of sight in degrees
5 r Jet bulk Lorentz factor
6 1) Jet opening angle in radians
7 Zdiss Distance of dissipation region from BH in Rg
(radius of dissipation regiom;ss = ¢zgiss)
8 B Magnetic field in Gauss
9 log P/, Power injected into relativistic electrons in the jet framerg s 1
10 Ymin Minimum Lorentz factor of injected electron distribution
11 Lorentz factor of break in injected electron distribution
12 Ymaz Maximum Lorentz factor of injected electron distribution
13 s1 Index of injected electron distribution below the break
14 s9 Index of injected electron distribution above the break
15 =z Redshift
16 norm Normalisation - must be fixed at unity

Table A1l. Summary of theseTmodel parameters.
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