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Abstract Quasars with periodic light curves are considered as cateBaf supermassive binary black hole
(BBH) systems. One way for further confirmations may be deagcfor other characteristic signatures,
such as those in their broad emission lines (BELS), if anyickvinequire a thorough understanding on
the response of BELs to the BBH systems.Jiret al. (2021, we have investigated the response of
circumbinary broad line region (BLR) to the central actieeandary black hole under the relativistic
Doppler boosting (BBH-DB) and intrinsic variation (BBHtDB) dominant mechanisms for continuum
variation by assuming the middle plane of the BLR alignecwlite BBH orbital plane. In this paper, we
explore how the BEL profiles vary when the BLR is misalignezhirthe BBH orbital plane with different
offset angles under both the BBH-DB and BBH-IntDB scenar®iven a fixed inclination angle of the
BBH orbital plane viewed in edge-on and similar continuugiticurves produced by the two scenarios,
increasing offset angles make the initial opening angléhefdircumbinary BLR enlarged due to orbital
precession caused by the BBH system, especially for clautfsei inner region, which result in Lorentz-
like BEL profiles for the BBH-DB model but still Gaussion-@ikprofiles for the BBH-IntDB model at the
vertical BLR case. The amplitude of profile variations dases with increasing offset angles for the BBH-
DB scenario, while keeps nearly constant for the BBH-Int@Brsario, since the Doppler boosting effect
is motion direction preferred but the intrinsic variatianradiated isotropically. If the circumbinary BLR
is composed of a coplanar and a vertical components with tlu@nber of clouds following the mass ratio
of the BBHs, then the bi-BLR features are more significanttierBBH-IntDB model that requires larger
mass ratio to generate similar continuum variation tharBBel-DB model.
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1 INTRODUCTION Yang etal. 2019fa). At parsec scale, one BBH was
identified by radio observations (e.gRodriguez et al.

Searching for supermassive binary black holes (BBHS) a%OOQ, though S_U_Ch cases may be rare. Subparsec BBHs
different separations is vital for understanding the hiera are currently d|.ff|cullt t_o s.patlally re;olve begqqse of the
chical merging processes of galaxies, the formation anangular resolution limitation of available facilities ge.
evolution of BBHs (e.g.Begelman et al. 1980ru 2002 E)(u 2002 Izurke}SpoIaor 2dO])1 but lmqy be revealed
Volonteri et al. 2008 and their gravitational wave radia- y a number of propose spectra _S|gnatures_ (see an
tion (e.g..Sesana et al. 200€hen et al. 2020b Merging overview byWan_g & Li 2020. These signatures mclude
galaxies with dual active nucleus separated at kiloparse%er_'oq'ca”{ varying double-peaked or asymmetric broad
scale have been intensively studied both in observationg"'ss1on 1INES (BELs) (e.g.Boroson & Lauer 2009
(e.g.,Comerford et al. 20092013 2015 Liu etal. 2011 Tsalmantza et al. 2011Bon et al. 2012 Eracleous et al.
2018h Shen et al. 2011Ge et al. 2012Koss etal. 2012 2014 Shen & Loeb 2010Popovit 2012 Lietal. 2019
Severgnini et al. 2021and theory Di Matteo et al. 2005 and UVioptical light curves (e.gSillanpaa et aI-. 1988

Yu et al. 2011 Van Wassenhove et al. 2G01Blecha et al. Graham et al. 201_535 Charisi eF al. 20162(_)1_8 Lietal.
2013 Capelo etal. 20152017 Steinbornetal. 20t6 2018 2019, optical-UV  continuum deficiency (e.g.,
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Yan etal. 2015 Zheng etal. 2016 and changing-look with some contribution from the DB effect. They found
AGNSs (e.g.Wang & Bon 2020. However, itis still hardto  that the variation patterns of BELs resulting from these
confirm the BBH candidates suggested by these signaturdsyo scenarios are significantly different from each other,
as their alternative interpretations are hard to be ruléd owsince the DB effect has a preferred direction along the
(e.g.,Graham 2004Popovit 2012 motion direction of the secondary BH, while the intrinsic

The periodicity QSOs (including the archetype PGvariation dominant case does not. The differences in the
1302-102; Graham et al. 2015 Charisietal. 2016 periodic profile variations may offer a robust way for
Qianetal. 2018 Chenetal. 2020aXinetal. 2020 identifying/falsifying the BBH candidates and distinguis
Liao etal. 202) are an intriguing subset of the cur- different mechanisms for the periodicity.
rently known BBH candidates. In the BBH scenario  In this work, we extend the studies done in PAPER
for these QSOs, the periodicity may be either due to consider the BBH systems with BLRs misaligned
to the Doppler boosting (DB) of the continuum e- from the BBH orbital plane and investigate whether the
mission from accretion onto the secondary componerroperties of BELs from such BLR-BBH systems and
modulated by its orbital motionD{Orazio etal. 2015 their variations are different from the case of BLRs
Duffelletal. 2020 or intrinsic variation of the ac- aligned with the BBH orbital plane and can be used to
cretion rate modulated by BBH orbital motion (e.g., distinguish different periodicity mechanisms. The pager i
Hayasaki et al. 2008MacFadyen & Milosavljevic 2008 organized as follows. In Sectidhwe introduce our model
Roedig & Sesana 2014Farris etal. 2015Bowen etal.  construction and parameter settings of the misaligned BLR
2017 2018. However, the periodical variation itself and BBH systems. In Sectid3) we analyze the response
may be not the definitive evidence for the existence opf BLR emissions and BEL profile variations for these
BBHs in periodicity QSOs. Furthermore, the periodicity offset systems. Discussions are made in Secticend
of PG1302-102 was even doubted by subsequent observeenclusions are summarized in Sect®n
tions (Liu et al. 2018a

Among a large sample of QSOs, long-term stochasti@ SIMPLE MODELS FOR MISALIGNED BBH
variability may also result in a short-time periodicity ina AND BLR SYSTEM

small fraction of the samplé/aughan et al. 20J)6similar The misaligned BBH and BLR systems are built by

to that found inGraham et al(20150) and Charisi et al. following the method introduced in PAPER |, in which

(2016. In order to identify or rule out these BBH we have compared the profile differences caused by

candidates, therefore, it may be necessary to find othc?(1e BBH-DB. BBH-INtDB. and BH-Int scenarios. where
BBH signatures for these QSOs and investigate Whethe{he BBH-Dé scenario (,:orresponds to the rélativistic

their spectral properties are consistent with the BBHDoppIer boosting/weakening effects from a BBH sys-

Interpretation. _ tem (e.g.,D’Orazioetal. 2015 and the BBH-IntDB
Song et al.(202Q analyzed the BEL properties of scenario is for the continuum variation mainly caused

periodicity QSOs in the sample dharisi etal.(2019 by accretion rates modulated by the BBH motion (e.qg.,

and found that the BELs of all these QSOs are CircumHayasaki etal. 2008MlacFadyen & Milosavljevic 2008

binary and viewed at an inclination angle@fr < 45° Roedig & Sesana 2014Farris et al. 2015 Bowen et al.
while at least half of these BBH candidates are viewed2017 2018 with some contribution from the DB effect

at an orientation close to edge-on if its periodicity is dueand the BH-Int scenario is the intrinsic continuum variatio

to the DB effect. These apPare”t contrad_ictory result§n a single BH system set for comparison. Instead of the
suggest that the DB effect is not the main reason f()'(':o-planar BBHs and BLRs studied in PAPER I, here we

the periodicity or the broad line region (BLR) is mis- i astigate how the BELS from offset BLRs response to the
a!lgned with thg BBH-orbltaI plane in those BEH SYSteMS .y ntinuum variation under the BBH-DB or BBH-IntDB
viewed at an orientation close to edge-on (€spng et al. scenarios

2021)). It is therefore of great importance to study the
behaviour of BELs for the periodicity QSOs under the
BBH interpretation.

Jietal. (2021 hereafter PAPER [) performed a
systematic analysis on the BEL profile variations of BBHFigure 1 shows the sketch diagram of a misaligned
systems with circumbinary BLRs, focusing on the cases ofircumbinary BLR and BBH system, which is similar to
BLR aligned with the BBH orbital plane. They investigated figure 1 in PAPER | except for changing the offset angyfe
the responses of BELs to the continuum variation undefrom co-planar to misaligned, wher®i is defined as the
two scenarios: 1) BBH-DB, i.e., the flux variation is angle between the normal vectors of the BLR middle plane
solely due to the DB effect, and 2) BBH-IntDB, i.e., the and BBH orbital plane. For the circumbinary offset BLR,
flux variation is mainly due to the intrinsic variation but the radial emissivity distribution of BLR clouds follows

2.1 Configuration of Misaligned BBH and
Circumbinary BLR Systems
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Fig. 1 Sketch diagram for the geometry of a BBH system with an offgeumbinary BLR. The primarylgrge solid
circles) and secondarysmall solid circle} BHs are supposed to counter-clockwise rotate on circulditin thexy-
plane around the mass centgigy denotes the inclination angle of the BBH orbital plane, itlee angle between the
direction of the line of sight (LOS) and the-axis. Theblack andgrey solid circlesrepresent the positions of the two
components at two observational tinterey pointsaround the offset BLR middle plane represent BLR cloudstitng
around the BBH system within an opening angléofC represents an arbitrary cloud in the BLiB;,r is the inclination
angle of the BLR middle plane, which is the angle between ttextion of the LOS and the’-axis, namely, the normal
direction of the BLR middle plane. At a specific observationett,,s, the observer receives continuum photons emitted
from the disk around the secondary BHSaand the orbital phase is At the same time, the observer also receives BEL
photons re-emitted from the cloud C, which were induced yilthmination of continuum flux emitted from the disk
around the secondary BH &t with orbital phase o#’.

a shifted I'—distribution as proposed bfancoast etal. introduced in section 2.1 of our PAPER I, with the central

(20143, which is consistent with 3C 273 observed by radiating source has periodical variation induced by the

VLT/GRAVITY ( Gravity Collaboration et al. 20}8 DB enhancement/weakening in the BBH-DB case, and
) periodical intrinsic accretion rate variation dominatethw

Rga = Rs + FRpir +9(1 = F)BReir, (1) the DB effect as the secondary effect to the variability in

whereRy is the Schwarzschild radiu®p; is the mean the BBH-IntDB scenario (see sect. 2.2 of PAPER I). Here

BLR radius,F = Ry,/Rpir is the fractional inner BLR we also use a power-law, . (v;¢) oc »* to describe the
radius, 3 is the shape parameter, agd= p(x|1/6%,1) intrinsic continuum flux emitted from the disk around the

is drawn randomly from a Gamma distribution. Here wesecondary BH. The amplitude of the periodi_cal variation
simply assume that thBg; » of BBH systems follows the caused by the Doppler boostindiis) can be given by
same empirical relatio®prr o L'/? as that for single

BH systems Kaspi et al. 20002007 McLure & Jarvis 1 4 4
2002 Peterson et al. 2004 log App ~ 5 [108 | Dzm — 1] + log ’Dsec,‘fmn - 1H 7
1/2 1/2 . ®)
N —2 ((ABdd M, where Dgoe max and Dgee min are the maximum and
RpLr ~ 2.2% 10 S pc, (2) - ! :
0.1 10°Mg minimum Doppler boosting factor ap = 0° and

180°, respectively. Given the amplitude of the observed
continuum variationd, for the BBH-IntDB scenario, the
contribution fraction of the intrinsic variation becomes

where\gqq is the Eddington ratio)M, is the mass of the
active secondary BH.

By applying the calculation method of restricted three
body dynamics to the BBHs and BLR cloud system
as described in PAPER I, we record the positions and A+1
velocities of BLR clouds with bound elliptical orbits in Ame = 77— — 1. )

a dynamic stabilization state (see detailed description in

PAPER 1). One important feature that is significantly

different from the coplanar case assumed in PAPER | is  For the emission mechanisms of BLR clouds, we take
that, the orbital precession for BLR clouds closer to theinto consideration 1) the time-delayed response caused
BBH system would be more significant, which can lead toby the continuum radiated in the BBH-DB and BBH-
the opening angle of the BLR inner part significantly largerintDB scenarios (see sect. 2.4 of PAPER 1); and 2) the
than that of the outer part. gravitational redshift of photons emitted from BLR clouds

The response of a BLR cloud’; emission to (see sect. 2.5 of PAPER ). The radiation of BLR clouds
the central periodical continuum is the same as thatan be described as (see eq. (21) in sect. 2.5 of PAPER |
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Table 1 Model Parameters for BBH System with a (Circumbinary) BLRIenDifferent Offset Angles and Optical/UV
Periodicity Scenarios

Mee Mass . ° BLR
Model —_— P Ty — BB ippa(®) Apaa A Ame —
(10°Mg)  Ratio (L0—* pc) RpLr (PC)  05(°) Ai (°)
BBH-DB 5 0.2 2 13 85 0.09 0.57 0 0.06 30 0/30/60/90
BBH-IntDB 0.5 0.8 2 6 85 0.9 057 0.34 0.06 30 0/30/60/90

Columns from left to right list the model name, the total masthe BBH systemM/,,, the variation period of the continuum or the orbital
period of the BBH systerfi,,1,, the BBH semimajor axiaggy, the inclination angle of BBH orbital plangsgy, the Eddington ratio of the
BBH accretion systemgqq, the total variation amplitudg!, the amplitude of the intrinsic variatiady,,, the mean BLR sizé&py g, the initial
opening angle of the BLRI™, and the offset anglé\i of the BLR middle plane relative to the BBH orbital plane.

for more details): PAPER I. All the BLR clouds are set to be co-rotating
with the BBH system in the counter-clockwise direction.
Due to the orbital precession of BLR clouds caused by the

2 Jrg, —Tewec/?| 7 corotating BBH system, the initial opening angle of the

U_?%) BLR ¢ will be enlarged with increasing offset angles,

where N,.; is the total number of BLR cIoudsD%:Q“ especially for those clouds nearby the BBH system. For the

represents the enhancement/weakening of the ionizing figBH-DB scenario, the opening angle of BLRs in the inner

Fyo(v; ¢ ) emitted att, and received by the BLR cloud region (- < Rppgr) at the dynamical stabilization state can

at 1., due to the relativistic motion of the secondary Ncréase frond, = 60° at A7 = 30° to almost spherical

BH, and the termirc, |2/|rc, — rsec(tl,)|? considers the at Ai = 90°, while 0, at the outer regionr( > RpLRr)

m . .
variation of the ionizing flux due to the position change of'S enlarged Igss than half of the magnltude_com_pared to
the inner region. For the BBH-IntDB scenario, since the

the source (secondary BH)!t ~ v2 + v2 represents
( y BH): C ¢, rep RpLr/appn is ~ 2 times larger than that of the BBH-DB

the summation of the Diolppler redshﬁt/blueshn@i ~ model, the orbital precessions broaden the opening angle
{[yciobs(l — Bciobs - i)} — 1 cand the gravitational of the innerregion < Rprr to the comparable amplitude
qas the outer region of the BBH-DB model, and the opening
angle of the outer region in the BBH-IntDB model are not

(Tremaine et al. 20048¢, obs = Ve, obs/c iS the observed broadened sig_nificantly. Therefore, the real opening angle
velocity of the cloud Gin Emit of thé light speedyc, op — of the circumbinary BLRs are not uniform and depend on

1/1/T = Bo.on?, M is the total mass of the central BBH both the offset angle and radii that the clouds located.

system, and-c, is the distance vector of the BLR cloud The BBH-DB and BBH-IntDB models are all assumed

to the mass center of the BBH system. In this work, weto have the same BBH orbital period, i.&%,, = 2yr,

also set the spectral index = —2 (e.g.,D’'Orazioetal. as the typical period found iGraham et al(20158 and

2015 as done in PAPER | for simplicity. In each model, Charisi et al.(201§. We assume that the BBHs rotate

the line emissivity is assumed to be proportional to the fluxaround each other on circular orbit, with the semimajor

received by each cloud. axis agppy determined by the mass of the BBH system
(M,,), mass ratio, and,y,.

Ntot

2
/ _ TC1
L(U,tobs) X E FU,E(V;tin)Dg 3 |
i=1

3

redshift of photons emitted from an individual BLR clou
received by the distant observef, = GM/(rc,c)

2.2 Model Settings To keep the observed continua of the two models in

With the model of misaligned BBH and BLR system Table 1 have not only the same variation period but also

described above, we then set model parameters to explo%e same amplitude, we then sgjzq = 0.09 fpr BBH'DB,
ems and.9 for BBH-IntDB systems, which can derive

features of BEL profiles in the misaligned case for both>YSt _ i
the BBH-DB and BBH-IntDB scenarios, which can guidethe amplitude of the “_gh_t curvg - 0.57. Eor the BBH'

us to distinguish them by spectroscopic observations. FdPtDB model, the |ntr|ns!c variation contributes a higher
simplicity, we assume the same model parameters Jgactlon _Of the total amplitudeA, = 0.34) than the DB
the BBH-DB-hi and BBH-IntDB-hi models listed in our Mechanism.

PAPER I, but changing the offset angle of the BLR middle  For the geometry of the misaligned BLR, we assume
plane misaligned from the BBH orbital plane with = 0°  the mean radius follows the single BH case (E2]) énd

to 90°, which means that the BLR can be viewed fromderive Rg,g = 0.06 pc. Here we only consider flattened
isLr ~ 0° to ~ 90° and we hence define the two modelsdisk like BLR with an initial opening angle @™ = 30°,

as BBH-DB and BBH-IntDB to avoid misunderstanding. and assume the BLR can be misaligned from the BBH
In Tablel, we list all model parameters in columns from orbital plane with offset anglea: = 0°,30°,60°, and
left to right, only with Ai varying from0° to 90° thatis  90°, which corresponding to the inclination angle of the
different from the co-planar casé\{ = 0°) assumed in BLR igp g = 85°,65°,35°, and5°. With the BBH-DB and
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BBH-IntDB models built, the line of sight (LOS) projected clouds enhanced/weakened by the DB effect and position

BEL profiles can hence be obtained. variation are partly overlapped. For the BBH-Int case,
the line emissivity enhancement/weakening propagate
3 RESULTS outward periodically due to the time-delay effect, but stil

. . ) ) ) with the feature of alternative enhancement/weakening
The main goal of this paper is to investigate the BELfoy the blue- and red-shifted BLR clouds caused by the
profiles and their variations for a circumbinary BLR position variation, which becomes more significant with
misaligned from the BBH orbital plane with different decreasing?pLr /apsu. As presented in the second and
offset angles, for both the BBH-DB and BBH-INtDB foyrth rows of Figure2, the enhanced/weakened BLR
scenarios. The analyses start from interpreting the @etail |o,,ds vary systematically along their radii, with cloud

response of BLR clouds to the central source, then go t@mjssion in the nearby regions of the secondary BH further
the profile variations that can compare with spectroscopignnanced compared to other ones.

observations directly. After the detailed analyses on contributions of the

. . DB effect and intrinsic variation to a misaligned BLR,
3.1 Response of Offset Circumbinary BLRs to the Figures 3 and 4 show the two dimentional transfer

Continuum Variation functions (2DTFs) for the BBH-DB and BBH-IntDB

The broad line emission from BLR clouds is affectedM0dels as listed in Table
by different mechanisms, i.e., the DB effect, positon [N Figure3, to track the ionizing flux enhancemen-
variation, and gravitational redshift for the BBH-DB Y/weakening of BLR clouds and study how they rely on
scenario, the primary intrinsic variation with the secaryda  ©ffset angles, we mark the relative brightness of each
DB effect, position variation, and gravitational redsfigit ~ Pixel compared to brightest pixel in the first panel of
the BBH-IntDB scenario. Figur2 s plotted to clarify the ~€ach separate row, and take four offset angles,Aeé.~
different responses of BLR clouds to the DB effect and?”,30°,60°, and90°, as shown from top to bottom rows
intrinsic variation. To compare the two effects directlg w for analysis. By setting the observer to the—plane with
take the parameters of the BBH-DB model listed in Table issu = 85° (Fig. 1), at each offset angle, the response of
to construct two models: 1) the BBH-DB model by only BLR clouds corotating with the BBH system is shown by
including the DB effect and position variation, and 2) theSix phases (left to right panels in Fig). over a period.
BBH-Int model with the same parameters as the BBH-DB  In the case ofggn = 85°, with the increasing offset
case but only including the effect of intrinsic variatiordan angle, the disk-like BLR with an initial opening angle
position changes. The enhancement/weakening of ionizingf 65" = 30° is viewed closer to face-on, which cause
flux from phase® to 57/3 (left to right columns) present smaller LOS projected velocities for the BLR clouds and
different response to the central source for the BBH-DBalso smaller relative velocities between the secondary BH
case presented in the firsty-plane) and third rowsa(z-  and BLR clouds. On the other hand, with increasikg
plane), and for the BBH-Int case shown in the secangd ( the inclination and eccentricity of the orbit for a BLR cloud
plane) and fourth rowsiz-plane). rotating around the BBH system will vary because of the

For the BBH-DB scenario, the strongest enhancemerirbital precession caused by the BBH system, which can
of the BLR emission appears in the moving direction of theincrease the opening angle of the BLR and hence broaden
secondary BH, BLR clouds with larger angular distancethe wings of observed BEL profile. Panels from top to
from the moving direction of the secondary BH are lessbottom rows in Figure3 show decreasing LOS projected
affected by the DB effect. velocities with increasing\i (or decreasinggrr) for BLR

As shown in the first and third rows of FiguPewhen  clouds with larger time delay. For those clouds closer to the
the secondary BH rotating to the positiveaxis (phase BBH system with smaller time delay, their LOS projected
0, left column), the emissivity of (LOS projected) blue- velocities increase due to the increasing significance of
shifted clouds is enhanced, and that of those red-shifte@rbital precessions, which is reflected especially by the
clouds is weakened. Once the secondary BH rotated to thbird and fourth rows. For clearer comparison of the DB
negativez-axis (phaser, the 4th column), the ionizing €nhancement/weakening trends with increasing we
flux of red-shifted BLR clouds is enhanced and that ofplot the difference of BLR emissivity at the six phases in
blue-shifted ones is weakened. Since the travel time crodsigures for the BBH-DB model, from which we can see
the BLR (0.06 pc) of the BBH-DB and BBH-Int models that larger offset angles correspond to lower amplitude of
is substantially smaller than a quarter of the BBH orbitalDB enhancement (in fading red) and weakening (in fading
period (2yr), BLR clouds in the blue- and red-shifted blue) than the case @i = 0.
regions are hence enhanced or weakened alternatively For the BBH-IntDB scenario, as shown in Figute
due to the periodic modulation of the secondary BHsince the intrinsic accretion rate variation of the seconda
rotation. For the current BBH-DB case, the regions of BLRBH takes the dominant effect and the DB effect only
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Fig. 2 Enhancement/weakening of ionizing flux received by indialBLR clouds, which are projected on thg-plane
(top two panelsand thexz-plane pottom two pane)sat six phases of the periodic optical/UV continuum vacias for

the BBH-DB (irst and third row$ and the BBH-Int §econd and fourth royscenarios at offset angle: = 90°. Here

we only consider the effect of DB and position variation foe 8BBH-DB case, and the intrinsic variation and position
changes for the BBH-Int case, by setting the parameterseoBBH-Int model the same as that of the BBH-DB model.
Panels from left to right describe the response of BLR cldod$fie continuum variation at phasesfr /3, 27/3, 7,

47 /3, and57 /3, respectively. The right colorbar marks the relative floeiged by each cloud (represented by each point)
in the BLR in unit of the mean flux at each giving observatianament.

provides a secondary contribution, the emission patterreflected by comparing the cases®df = 60° andAi =
of BLR clouds mainly propagates outward periodically90° shown in Figure8 and4, and also FigureS and®6, in
because of the time-delay effect, but still with thewhich the BLR clouds at inner radii are redistributed.
feature of alternative enhancement/weakening for the-blue

and red-shifted BLR clouds caused by the DB effects 5 pependence on Different Offset Angles for the
Figure 6 clarifies this fee_lture by showing the relative Circumbinary BLR

strength of BLR clouds in the BBH-IntDB model. At

Aih = 0 Ifaturlfs are clt(ejarl fo(rj kk))othh the _per_io?cliCWith the interpretation on detailed response of BLRS to
enhancementweakening modu ated by t_ € |ntr|n3|c_ Yhe central varying continuum at different offset angles,
variation, with weak S|gnatgres that reflecting the peuqdl we can explore detailed features of their periodic profile
enhancement/weakenmg in the que.- gnd reQ'S,h'ftegariations, which can be applied for fitting observed BELs
regions modulated by the DB effect. With increasifig, in mostly UV, optical, and infrared bands, such asiLy
the radially periodic enhancement/weakening due to th?\lv Cii], C1v, Mgt H3, Ha, and Pa broad lines (e.g

intrinsic variation and time-delay effect become MOrep,coast et al. 2014lGravity Collaboration et al. 2018
significant than the fading signature caused by the D%ong et al. 20200027

effect. At Ai = 90° (iprr = 5°), the feature of ) o o

periodically enhanced/weakened BLR clouds in the blue-  Figure7 shows the periodic variation of BELs for the
and red-shifted regions becomes insignificant. Since thBBH-DB scenario with offset angleai = 0°, 30°, 60°,
mass of the BBH system in the BBH-IntDB model is and 90° in left to right columns, respectively. For an

10 times smaller than that in the BBH-DB model, the OPServer viewing the BBH systems withn = 85°, the
corresponding@sLr /assy is ~ 2 times larger than that observed continuum variation is independent of the offset

of the BBH-DB model, which means that the orbital angle. While for the circumbinary BLR with an initial

precession caused by the BBH system is systematical@pening_ar"gle ofig = 30°, increasingAi corresponds to
smaller than that in the BBH-DB scenario. This is directly decréasingsrr and full width half maximum (FWHM) of
BEL profiles, and the profile shapes changing from double-
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Fig. 3 Time delay versus LOS projected velocity for the BBH-DB smémby including the DB effect, position variation,
and gravitational redshift over a period of 2 yr. Top to bottmws correspond to the offset angles increasing fé6m
30°, 60°, to 90°. In each row, panels from left to right show the results oi®diat six different orbital phases of the
secondary BH, i.e0, /3, 27/3, m, 47/3, and5 /3, respectively. In each panel, the brightness of each ph@ks the
relative value compared to the brightest one in the left paiheach separate row, with the detailed values labelletién t
right colorbar.
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Fig. 4 Time delay versus LOS projected velocity maps derived bygidaming the effect of intrinsic accretion rate variation
and position variation. Legends are similar to F3gbut rows from top to bottom are obtained with parameterdef t
BBH-IntDB model as listed in the second row in Talilealso withA: varying from0°, 30°, 60°, to 90°, respectively.

peaked/strong asymmetric ones to Lorentz-like singlepeaked/asymmetric features appear depends on the value
peaked ones. Correspondingly, the maximum amplitude off Ai, the ratio ofigr/apsu, and the initial opening

the DB enhancement/weakening happens to the coplanangle of BLRA".

case (\i = 0°), with increasing offset angle, less BLR

- Different from the case that viewing a BLR at different
clouds are enhanced/weakened by the DB effect efﬁuent%BLR at the coplanar case as shown in figure 8 of PAPER |

and the minimum amplitude appear in the perpendiculaq \ariation of theip g in this work is caused by the
case Q7 = 90°). increasing offset angles, hence the close to face-on viewed
he BLR at Ai = 60° and90° show broadened wings than

As to the periodic variation of profile shapes, t Rt i :
g\at in Figure 8 of PAPER | due to the orbital precession.

edge-on viewed BLR present double-peaked or strong|
asymmetric shapes with the blue and red parts raisin
up or going down alternatively. With increasingi,

the BEL profiles are observed in more like asymmetri
shapes with increasing\i, and finally become Lorentz-
like shapes al\i = 90° (ipLr ~ 0°). When the BLR For the BBH-IntDB scenario shown in FiguBs the

is observed aip,r ~ 30° to 60°, whether the double- BEL profile variation is modulated periodically in the

nlike the periodically varying profile wings in the lavi
cases (e.g)° and30°), the wings caused by the orbital
Cprecession have no significant flux variation as shown in
the bottom row of Figuré&.
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Fig. 6 Differences of the time delay versus LOS projected velatips of Fig4. Legends are similar to Fié.

time-delay direction (Fig6), which cause a systematic 3.3 BEL Profile Variation for a Misaligned BLR with
enhancement/weakening of BEL fluxes, overlapped with  Different Compositions
periodic enhancement/weakening of the blue- and red-
shifted parts of the profile resulted by the DB effect.In the above calculations and analyses, we assume that
The amplitudes of profile variation at differenf;r are all BLR clouds distribute around a uniform BLR middle
comparable to each other because of the isotropic radiatigrlane with an initial opening angle 030°, however,
of the dominant intrinsic variation. the circumbinary BLR might consist of two components,
which come from the two separate BLRs associating
Given the same periodic light curves of continuumWith each of the two BHs when they are on a much
radiation, the BBH mass in the BBH-IntDB case is larger separation during the BBH evolution process (e.g.,
systematically smaller than that in the BBH-DB case,Vang etal. 2018Songsheng et al. 202@ovacevic et al.
hence the BEL profiles of the two scenarios have differen£020-
characteristics in two aspects: 1) the FWHM of the BBH-  To investigate the feature of BELs emitted from a
DB model is systematically larger than that of the BBH- circumbinary BLR that consists of different components,
IntDB model, 2) the face-on viewed BLR present more likeand study how the BEL profiles vary with these different
Gaussion shapes for the BBH-IntDB model, instead of theombinations, we assume four kinds of circumbinary
Lorentz shapes for the BBH-DB model, since the BBH-BLRs for simplicity to explore how the BEL profiles
IntDB model with largerRpr /apsn has less significant vary with different BBH-BLR systems. By setting a BLR
feature of broad wings caused by orbital precessions.  component with its middle plane aligned with the BBH



X. Ji et al: Variations of BEL Profiles in Misaligned BBH and BLR Systems 219-9

Ai=0" T b A =300 Ai = 60° Ai = 907
0.6} i = 85°  —= i g R = 65° iBLR = 35° IBLR = 9

—_—

==+ 4n/3 X5

¥y S 7 —

-15000 0 15000 -15000 0 15000 -15000 0 15000 -15000 0 15000
Velocity (km/s) Velocity (km/s) Velocity (km/s) Velocity (km/s)

Fig. 7 Variations of BEL profiles over a single period (2 yr) of cantum variation for the BBH-DB model with, = 30°,
resulting fromAi = 0° (ipLr = 85°, left columr), Ai = 30° (igLr = 65°, middle-left columh Ai = 60° (ipLr = 35°,
middle-right columi, andAi = 90° (igLr = 5°, right columr). The line flux is set in an arbitrary unit. In the top four
panels, we show the profile variation in six different phases, 0 (blue solid ling, 7/3 (cyan dotted ling 27/3 (light
blue dashed ling 7 (green dash-dotted linedr /3 (red dash-dash-dotted liggand57 /3 (magenta dash-dot-dotted lipje
as labeled in the top-left panel. The bottom four panels sheworresponding difference of the BEL profiles at six pease
from the mean line profile.
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Fig.8 Variations of BEL profiles over a single period (2yr) of cantum variation for the BBH-IntDB model with
0, = 30°, with legend similar to Fig7.

orbital plane BLR. with its number of cloudsVgig,c), Both the BLR. and BLR, components are set to have
and another vertical component with its middle planethe same initial opening angl&® = 30° as assumed in
perpendicular to the BBH orbital plan&LL.R. with its  Tablel.

number of cloudsVgir, v), the four BLR configurations ) o ] )
are constructed as follows: Figure9 shows the variation of BEL profiles emitted

from the above four type BLR configurations for the BBH-
DB scenario. The shape of a BEL profile is determined by
the number fraction of the two perpendicular components
(1) a circumbinary BLR aligned with the BBH orbital Ngir. : NpLr,y. Columns from left to right show an
plane, i.e.,.Ngrr,c : NeLrv = 1 : 0, which is the increasing number fraction of the vertical BLR component.
same as thé\i = 0° case shown in Figureéand8 For Ngrr,c : NeLr,v = 1 : O (left column), the double-
(see also our PAPER I). peaked profiles at the six phases are the same as shown
(2) the circumbinary BLR consists of botALR. and in the left panel of Figur&. When the number fraction
BLR, components, with the ratio of cloud numbersof the vertical BLR component increases isi,r,c

follow the mass ratio of the two BHS, i.e\Nprr.c : NprLrvy = 5 : 1 (middle-left panel), in which the
NpLr,y = 5 : 1 and5 : 4 for the BBH-DB and BBH-  coplanar BLR component still dominates the emission,
IntDB scenarios, respectively. a small bump at the line center appears with its flux

(3) the circumbinary BLR have the two BLR componentsvariation following the double-peaked profile, since the
with Ngrre : NeLry = 1 @ b and4 : 5 for the DB effect takes the maximum effect to the coplanar case
BBH-DB and BBH-IntDB scenarios, respectively. and minimum to the vertical case. Once the vertical BLR

(4) acircumbinary BLR perpendicular to the BBH orbital component dominating the total emission withsir ¢ :
plane, i.e.Ngrr,c : NeLr,v = 0 : 1, the same asthe Nprr, = 1 : 5 (middle-right panel), the profile shape
right column of Figure§ and8 with Ai = 90°. is Lorentz-like and similar to the one in the right panel
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Fig.9 Variations of BEL profiles over a single period (2 yr) of contum variation for the BBH-DB scenario with four
BLR configurations, i.e.Mgrr,c : Mprr,v = 1 : 0 (left columr), 5 : 1 (middle-left columj 1 : 5 (middle-right
columr), ando : 1 (right columr). In the top panels we plot the profiles of the same six phasebk@wn in Fig7, and the
corresponding bottom panels show the difference of thegioéle at each phase from the mean line profile.
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Fig. 10 Variations of BEL profiles over a single period (2 yr) of cantum variation for the BBH-IntDB scenario with
four BLR configurations, i.e Mprr,c : MpLr,v = 1 : 0 (left column), 5 : 4 (middle-left colump 4 : 5 (middle-right
columr), ando : 1 (right column. Legends are similar to Fi§.

(NBLR,c : NLr,vy = 0 : 1), but has a bump in the 4 DISCUSSIONS
blue wing contributed by the coplanar BLR component and

hence has a larger fiux variation than the red wing. Previous studies have focused on the 2DTFs of BLR

For the BBH-IntDB scenario, which requires a higherclouds and BEL profiles emitted from two separate BLRs
mass ratio of the BBH system than the BBH-DB model tosurrounding each of the two BHs at larger separations, i.e.,
produce similar optical/UV light curves of the continuum Rprr/assu < 1 (e.g.,Shen & Loeb 2010Wang et al.
radiation, Figurel0 shows quite different profile shapes 2018 Songsheng et al. 202@ovacevit et al. 2020 The
and flux variations from those shown in Figu®  configuration of a BLR-BBH system, especially for disk-
Compared to the coplanar casédir.c : NsLr,v =1:0, like BLRs, can be structured by a series of parameter
left column), BEL profiles resulted bysrr .« : NBLr,v =  combinations, such as opening angles and inclination
5 : 4 present both features of the coplanar and verticaingles of the BLR, BLR size or bolometric luminosity of
BLR components, with the blue and red wings close to theéhe two BHs, the kinematics of the BLR clouds, i.e., inflow,
coplanar case, but the line center more close to the verticalutflow, or Keplerian orbit. Different configurations of
case (right panel). Since the intrinsic variation causeéti  BLRs can actually result BEL profiles in complex shapes
delay effect dominates the enhanced/weakened emissivitgee a review byvang & Li 2020).
of BLR clouds, adding the vertical BLR component makes
both the blue wing and the line center having large flux  For the geometry of a circumbinary BLR outside the
fluctuation. With increasing number fraction of the vertica BBH system Rgi.r/apsu >> 1), we have also discussed
BLR component{¥srr.c : Verr,v = 4 : 5, middle-right  the possible variation caused by different setups of BBH
panel), the Gaussian-like shaped component at the linerbital period (1, continuum variation period{..,), and
center takes more significant role on shaping the profilspectral indexx in the far-ultraviolet and optical bands
and also amplitude of the flux variation, accompanyingsee PAPER | for details). As predicted by comparing the
with the weakened signal and variation of blue and rednodelling of light curves and BEL profile fittings (e.g.,
wings. Song et al. 20202021, the misaligned BLRs from BBH



X. Ji et al: Variations of BEL Profiles in Misaligned BBH and BLR Systems 219-11

orbital plane make the emissivity of BLR clouds morewith enhanced blue and red wings due to the orbital
complex than the coplanar case. precession of BLR clouds close to the two BHs. The
With constructed BBH-DB and BBH-IntDB models opening angle of a BLR significantly offset from BBH
by assuming the sam&,,, Tv.,, anda with BLR clouds  orbital plane at its inner region may be substantially large
rotating in elliptical orbits (see Tabl& for details), the than that at the outer region, mainly because the corotating
emission of BLR clouds mainly vary with the following BBH system induces significant orbital precession of BLR
parameters: clouds at the inner region that those at the outer region,
. ) especially for the cases with large offset angles. The
— For a BBH system with smaller BLR size, €.9., pp effect induced periodic enhancement/weakening to
Rprr/agsu ~ 4.6 in the BBH-DB model (Fig7),  the plue- and red-sides of those BELs are the strongest
orblta}l precessions of BLR clouds can increase thgnen the BLR is aligned with the BBH orbital plane,
opening angle of the BLR and thus the shape oy the weakest when the BLR is perpendicular to the
BEL profiles. The significance of orbital precessiongpgy orpital plane. For the BBH-IntDB case, the ratio of
becomes less important for larg#i;ir /assi, €9, BLR size to BBH semimajor axis is usually larger than
the BBH-INtDB with Rprr /apsn ~ 9.8. that for the BBH-DB case, thus the orbital precession
— The profile shape is not only affected by the offsetcyseq by the BBH system takes a less important role
angles andpr.r, but also by the initial BLR opening han that in the BBH-DB case. The BEL profiles hence
angled™. Larger 9;“‘ can make the QOubIe-peaked vary from double-peaked features in the coplanar case to
features appeared in the: = 60° andipLr = 35°  Gayssion like shapes in the vertical case. The amplitude
becomes more asymmetric, while smalléf" can ¢ yrofile variation for the BBH-IntDB scenario is nearly
make the asymmetric shapes becoming double-peakggyenendent of the varying offset angles because of the

ones. isotropic radiation for the dominant intrinsic variation.

— The eX|s_tence pf t.wo or more BLR components_make The circumbinary BLR may be composed of two
the profile emission more complex. If the ratio of components offset from each other, which are natural
cloud number.s for the two BLR compone.nts follows results from the merger of two BH systems each with a
the_ mass _rat|o_ of the two BHS, th_en hlghe_r MaSSe| R when the separation of the two BHSs is large. For
rat_los require h_|gk_1er s_pectral reso'!“'o” and signal toexample, the circumbinary BLR may be the combination
noise ratio to dlstlngwsh them, which WOUId be V€Y of a component aligned with and a component offset from
important for decomposing and modelling the BLR- the BBH orbital plane with different BLR cloud numbers.
BBH geometry. In this case, the periodic variation of BEL profiles in

both the BBH-DB and BBH-IntDB scenarios have unique

features, which would be helpful for identifying BBH

In this paper, we investigate the properties of BELS fromsystems, reveal the associated BLR structures, and infer

BBH systems and its variation, under the assumptio'€ formation history of BBH systems.

that the associated BLR is circumbinary and misaligned
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