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ABSTRACT

arXiv:1401.5646v2 [astro-ph.HE] 3 Jul 2014

Aims. Amongst more than fifty blazars detected in very high enextiy&, E>100 GeV)y rays, only three belong to the subclass of flat spectrum
radio quasars (FSRQs). The detection of FSRQs in the VHEeranghallenging, mainly because of their soft spectra inGb®-TeV regime.
MAGIC observed PKS 1510089 (z=0.36) starting 2012 February 3 until April 3 during a highiwty state in the high energy (HE,-EL00 MeV)
vy-ray band observed by AGILE arfeermi. MAGIC observations result in the detection of a source significance of 6.0 standard deviations
(o). We study the multi-frequency behaviour of the source ategpoch of MAGIC observation, collecting quasi-simultaredata at radio and
optical (GASP-WEBT and F-Gamma collaborations, REM, StewRerkins, Liverpool, OVRO, and VLBA telescopes), X-r&ift satellite),
and HEy-ray frequencies.

Methods. We study the VHE/-ray emission, together with the multi-frequency lightves, 43 GHz radio maps, and spectral energy distribution
(SED) of the source. The quasi-simultaneous multi-frequeSED from the millimetre radio band to VHErays is modelled with a one-zone
inverse Compton model. We study twdfdrent origins of the seed photons for the inverse Comptottesitay, namely the infrared torus and a
slow sheath surrounding the jet around the Very Long Basdimay (VLBA) core.

Results. We find that the VHEy-ray emission detected from PKS 154189 in 2012 February-April agrees with the previous VHE obstons

of the source from 2009 March-April. We find no statisticalgnificant variability during the MAGIC observations onilgaweekly, or monthly
time scales, while the other two known VHE FSRQs (3C 279 anf PR22-216) have shown daily scale to sub-hour variability. Jh&y SED
combining AGILE,Fermi and MAGIC data joins smoothly and shows no hint of a break. Midti-frequency light curves suggest a common
origin for the millimetre radio and HE-ray emission, and the Hzray flaring starts when the new component is ejected frord&@Hz VLBA
core and the studied SED models fit the data well. HoweverfasteHEy-ray variability requires that within the modelled largeitting region,
more compact regions must exist. We suggest that thesevebisgignatures would be most naturally explained by a teriiiplasma flowing af a
relativistic speed down the jet and crossing a standingcabshock.
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1. Introduction gument against emission originating far away from the antr
_ ) engine has been the fast variability observed iays. However,

The most numerous extragalactic very high energy (VHEhe recent model Hy Marschér (2014) where relativisticulebt
E>100 GeV)y-ray sources are blazars, which are active galacfifasma crosses a standing shock, could potentially exptatim
nuclei (AGN) with a relativistic jets pointing close to ouné the observed radio-gamma connection and the fast vatiabili
of sight. Within the blazar group the most numerous ity rays.
emitters are X-ray bright BL Lacertae objects (BL Lacs) whil  pxs 1510089 is ay-ray bright quasar, whose jet exhibits
only three blazars of the flat spectrum radio quasars (FSRQgk of the fastest apparent motions (up ta)4&8mongst all
type have been detected to emit VhifEays. blazars [(Jorstad etlal., 2005). It was discovered in HEays

Blazars typically show variable emission in all wavebandsy EGRET, but no variability was detected (Hartman ét al.,
from radio toy rays. FSRQs are more luminous than BL Lacs di999), while in the AGILE and=ermi era it has shown sev-
y rays and so they could, in principle, be observed at gre&er ceral flaring epochs. A variability study of this source with
tances at very high energies. The SEDs of both types of seurggILE data in the period 2007 July — 2009 October was pre-
show two peaks: the first is generally attributed to synabrot sented in_Verrecchia et al!_(2013). The source showed bright
emission and the second one to inverse Compton (IC) scadteriflares at radio, optical, X-ray and Hi-ray energies at the
though hadronic mechanisms have also been proposed for iyeginning of 2009/ (Marscher etlal., 2010; Abdo étlal., 2010a;
ducing the second peak (see £.9. Bottcher et al., 20095RFS  |D’Ammando et al.| 2011). The discovery of VHErays from
the first peak is usually in the infrared regime, while for Bads PKS 1516-089 also took place in this period, displaying a rather
it is between infrared and hard X-rays. The optical spectra w flux (F (>150 GeV)=(1.0+0.2¢x+0.25s)-10 ** phcm? 572,
FSRQs show broad emission lines, indicative of high vejocit-3% of Crab Nebula flux) and a very soft spectrum (with pho-
gas in the so-called broad line region (BLR) close (0.1 tort pgon indexI” = 5.4 + 0.7star 0.3sys, /Abramowski et al., 2013). In
sec) to the central engine (e.g. Kaspi et al., 2000), whilé.Bts HE y rays this outburst consisted of several flares. In X-rays flar
show very weak or no emission lines in their spectra. Becaligg was moderate and not correlated with $heay flaring, but
of these properties FSRQs were not thought to be good cartéle lasty-ray flare was accompanied by a large optical outburst
dates to emit VHEy rays: the low synchrotron peak frequencyreaching a peak flux of 18 mJy in the R-band while the quies-
may imply dficient synchrotron cooling, which makes itfii cent level flux is typically~ 2mJy) and a large radio outburst
cult to produce VHEy-ray emission. Additionally, if the rays (reaching a maximum of 4 Jy, 1-2 Jy being the normal quiescent
are produced close to the central engine, the BLR cloudshbsstate flux at 37 GHz). During theray flares the optical electric
the y-ray emission via pair production. The high redshift alsgector position angle (EVPA) rotated by 720 and during the
implies strong absorption of VHE rays by the extragalactic major optical flare, the optical polarisation degree inseghto
background light (EBL| _Stecker etlal., 1992; Hauser & Dwek; 30%. In the 43 GHz VLBA maps a superluminal knot emerged
2001). Despite thesefiliculties, MAGIC detected VHE rays from the VLBA core with a zero-separation epoch essentilly
from the FSRQ 3C 279 &0.536) in 2006.(Albert et al., 2008a). multaneous with this sharp optical flare. Marscher et al1(@0
This discovery was followed by a second detection in 20@bncluded that the-ray flaring activity was taking place in a
(Aleksic et al., 2011b) and the detection of two other FSRQ@ot seen in the VLBA images at later times, placing the emis-
PKS 1516-089 (z=0.36) by H.E.S.SL(Abramowski etlal., 2013)sion region distant from the central engine. This and thiaite
in 2009 and PKS 1222216 (z=0.432) in 20101(AleksiC et al., synchrotron toy-ray ratio require that there are local sources of
2011a). In this paper we report the detection of ViHEays from  seed photons for IC scattering within or just outside th¢ged.
PKS 1516-089 in 2012 February-April (Cortina, 2012) by thea slow sheath of a jet). In contrast, based on the ratio betwee
MAGIC telescopes. optical andy-ray variabilitylAbdo et al.[(2010a) concluded that

The standard picture for FSRQs is that theays are emit- they-ray emission favors an external Compton model where the
ted close to the central black hole (so called “near-dissipa Seed photons are provided by the BLR clouds.
zone”), where the external photons from BLR can serve as In second half of 2011 the source again showed activity in
seed photons for IC scattering (€.g. Hartman et al., [200@s Tseveral bands. First, in 2011 July, there were optical andHE
picture was already challenged in the EGRET era by thay flares accompanied by the rotation of the EVPAb@8C
observations of a connection between radio outburst and (Orienti et al.| 2013). In second half of 2011 PKS 15089 un-
ray flares (e.d. Jorstad et al., 2001; L ahteenmaki & Vidtae,, derwent the brightest radio flare ever observed from thecsour
2003;| Lindfors et dl., 2006). The observations of VhiEays and there was associated high activity in theHEay band. The
from FSRQs have further challenged the “near-dissipatime? flare was accompanied by the appearance of a new componentin
emission scenario (see e.g. Aleksic etlal., 2011b,a),usecm the VLBA jet at 15 GHz|(Orienti et al., 2013) and by extremely
order to produce the observed VHEray flux, the MeVy-ray fasty-ray variability with time scales down to 20 minutes (e.g.
flux would have to be much higher than observed. Moreovi&aito et al.| 2013; Foschini etlal., 2013). Unfortunatelytiray
the combined HE to VHEy-ray spectrum does not show abhis period the source was not observable for ground basted op
break at a few tens of GeV as would be expected if the cal andy-ray instruments.
rays originated in inside the BLR (e.g. Tavecchio & Mazin, In 2012 February PKS 153®89 showed again high ac-
2009). In addition, at least in some cases (3C 279 in 20@vity in HE vy rays (Lucarelli et al., 2012). This triggered ob-
and PKS 1222216 in 2010), the VHEy-ray detections were servations of the source with the MAGIC telescopes which re-
coincident with zero-separation epochs of new knots emesyited with a significant detection of VHjrays (Cortina, 2012;
ing from the 43GHz Very Long Baseline Array (VLBA)De Canevaetall, 2012). The results from the MAGIC obser-
core (Larionov et all, 2008; Jorstad et al., 2012; Marschal e vations (Section 2) are presented together withHEay data
2012), suggesting that VHE rays could be emitted in thesefrom AGILE and Fermi (Section 3), X-ray data fronBwift
knots, tens of parsecs away from the central engine. Argtsne(Section 4), near infrared, optical, ultraviolet (Secti®y and
for and against the “near-dissipation zone” are systemftic radio observations (Section 6) from several instrumentsub:
discussed in e.g. Sikora et al. (2009). In general, the main aet of the data presented here have been previously prdsente
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in lLindfors et al. [(2013), while in this paper we present thk f
analysis of the multi-frequency behaviour of the sourcerdur
2012 February-April and compare it with the previous flarin z° 3509
epochs of PKS 1514089.

4000
Time =21.4h
N,, = 6453; ND" =5913.7+44.4

events

N,y = 539.3

3000 Significance (Li&Ma) = 6.00
2. MAGIC VHE v-ray observations, data analysis, 2500
and results 2000
2.1. Observations and data analysis
1500

MAGIC is a system of two 17m diameter Imaging Air
Cherenkov Telescopes (IACTSs) located at the Roque de =~ 1000
Muchachos Observatory on La Palma, one of the Canary Islat
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(2846 N, 17°53.4 W at 2231 m a.s.l.). The large collection are: 500

of the telescopes and the advanced observational teclsgmue ) S S

ables us to reach a low energy threshold of 50 GeV (in a norn 0 0.1 0.2 0.3 , 20-4
stereo trigger mode) at low zenith angles. In late 2011 tlee te 87 [deg”]

3((:)(195 readout system was upgraded and replaced (Sitarek eHdg. 1. Distribution of the square of reconstructed shower direc-

- : ion (%) with respect to the position of PKS 151089 for the
o e rget of cppertuty (100) ghserialons SN (lack poinis) and the OFF (gey shadd are) i he camera
3 (MJD 55960-56020). During 28 night=25 hours of data were S00Tdinates. The events inside the vertical dashed lineeco
taken with the stereo trigger, of which 21.4hours data phss%oondmg to the a pnory-_defmed signal region, are used t-co
quality selection. The data were collected at zenith anlgées Pute the detection significance.
tween 37 and 49. The telescopes were operated with the false

source tracking method (Fomin ef al., 1994), the so-calle-w 5 gistortion introduced by the detector which has a finite res
ble mode, in which the pointing direction counter-chang@s¥e o) tion and biases. Moreover, absorption Bgepair creation
20 minutes between four sky positions at“Ooffset with re- 4,6 1 the interaction with the EBL photons was also cortecte

spect to the source position. Four wobble positions imptbee ¢, ogh the same unfolding process, using one of therabve
background statistics, since three OFF positions can bplsdm state-of-the-art EBL model (Dominguez. et al., 2011).

which reduces the impact of inhomogeneities in the camera ac \we found that dierent unfolding methods gave consistent

ceptance. , _ results, and the energy spectrum before the EBL correction ¢
We analysed the data in the MARS analysis framgya el reproduced by a power law

work (Moralejo et al.| 2009). The images were processed us-

ing a cleaning algorithm that accounts for timing inforroati dF E -T

(Aliu et all, [2009). The criteria forcore and boundary pix- dE = Fo(m) ;

els are eight and four photo-electrons, respectively. &lae

different from those used for the standard analyses done WereFq = (4.8+0.9staet1.3sy9 X107 cm 2 s Tev-tandrl =

fore the upgrade of the readout (the details are described3i8+ 0.4+ 0.3sysare the flux constant at 200 GeV and the pho-

Aleksi€ et al., 2012) mainly due to theftérent noise level of ton index, respectively. As PKS 151089 is a very weak, steep

the new readout system. The random forest (RF) method waectrum VHE source the systematic errors are larger than th

used for the gamma-hadron separation (Albert et al., 2008b) ones evaluated in_Aleksic etlal. (2012). The systematiareénr

ing both mono and stereoscopic parameters. The recoredruche energy scale is 17 % as in Aleksic et al. (2012) [Fig.2wsho

shower arrival direction of each telescope was calculatitldl wthe diferential energy spectra of PKS 154@89 measured by

the RF DISP method (Aleksi€ etal., 2010), and the weight8dAGIC in 2012. The fitted function and its one sigma error

mean of the closest pair amongst the reconstructed DISP peange displayed as the shaded regions were obtained through

tions is regarded as the final reconstructed position. the forward unfolding, and the spectral points were derived

ing the Bertero unfolding method (Bertero, 1989). The speat

22 Results extends up to-400 GeV. The integral flux above 120 GeV was
- estimated to be 4 % of the Crab Nebula’s flux. After the correc-

The distributions of squared angular distances betweenethetion for the EBL attenuation the spectrum is still well fitteg a

constructed source position and the nominal source positio power law with an intrinsic photon index @y = 2.5 + 0.6stat

the camera, the so-calléd plot, is shown in Figll. The numberThe flux and spectrum are in agreement with those observed by

of the background events was extracted from the three OFF FBE.S.S. in March-April 2009 (Abramowski etal., 2013).

gions which were symmetrical relative to the pointing piosit The y-ray flux variability above 200GeV was studied on

Above the normalised background events, an excess ofy539oth daily and weekly time scales. The mean flux above

rays was found. The significance of a signal detection wals evd00GeV of PKS 1510089 in this period was F{200

uated following Equation (17) of Li & Mal (1983). We found aGeV)=(3.6£0.9)x107*2 ph cn? s™1. The reduceg? of the fit

corresponding significance ofo6from the 21.4 hours observa-With a constant flux ig?/ngs = 40.5/24 (2.30) for daily and

tional data. The observation at high zenith angle had a stvaewy?/ngos = 7.7/4 (1.60) for weekly light curve, consistent with

higher energy threshold of 120 GeV, determined from the Monho statistically significant variability. Following the itied used

Carlo rate with an assumed photon index of 4.0. in lAleksic et al. (20113) we also estimated how much variabil

To derive the energy spectrum of PKS 15089 the unfold- ity could be hidden in the data. We derived a ®onfidence
ing procedure (Albert et al., 2007) was performed to corfect level upper limit for individual nightéveeks and compared it

1)
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typically of two to four weeks duration. Since 2009 November
4, following a malfunction of the rotation wheel, AGILE is-op
747 Debsorbed erating in “spinning observing mode”, surveying a largecfra
10t H.E.S.S. 2000, observed tion (about 70%) of the sky each day. Thanks to its sky monitor
ing capability and fast ground segment alert system digtith
amongst the AGILE Data Centre (ADC) and the AGILE team in-
stitutes, AGILE is very fective in detecting bright-ray flares
from blazars.

Data were analysed applying the AGILE maximum likeli-
hood (ML) analysis on the PKS 151089 sky position, us-
ing the standard level-3 AGILE-GRID archive at ADC. This
archive is composed by counts, exposure affdisiy-ray back-
ground (Giuliani et al., 2004) maps generated on severa tim
scales (one day, one week, 28 days) from tfieial level-2 data

16* Energy [GeV] archives, publicly available at the ADC gltevlaps were gener-

ated for E> 100 MeV including all events collected up to 60

Fig. 2. VHE differential energy spectra of PKS 15489 mea- off-axis, excluding south Atlantic anomaly data, and by exclud
sured by MAGIC in the period between 2012 February 3 arig regions within 10from the Earth limb to reduce albedo con-
April 3. The blue open circles and the blue shaded region shé@mination. The data have been processed with the lateit ava
the observed spectrum and its statistical uncertaintygtielots able software and calibratidhd=or a general description of the
and the red shaded region show the de-absorbed spectrum &g E data reduction and of the standard analysis pipelaee s
text). The grey open squares are the source spectrum obseiigtori et al. (2009)| Vercellone etal. (2010). Systematicors
in March-April 2009 by H.E.S.S| (Abramowski et al., 2013). of the AGILE ML analysis have been estimated to-40% of
the flux values (Bulgarelli et al., 2012).

At the beginning of 2012, AGILE detected the
to the observed mean flux adopting the night-to-night systeKS 1516-089 in a high state in two distinct periods: one
atic error of 12%|(Aleksic et al., 2012). We found that vaifa at the end of January-beginning of February, and the other at
ity of a factor of eight in nightly scale and factor of 2.5 ireth the end of February-beginning of March. The AGILE-GRID
weekly scale could be missed. The weekly light curve is di$E>100 MeV) light curves covering the MAGIC observation of
played and discussed with the multi-frequency data in 8e¢ti PKS 15106-089 from January to March (MJD 55960-56000),
The observed VHE-ray emission, showing only marginal vari-with two days time binning are shown together with the multi-
ability over several weeks, displays dfdrent behaviour than frequency light curves in Section 7. In comparing the AGILE
other FSRQs|(Albert et al., 2008a; Aleksic etal., 2011ehby and Fermi light curves it should be taken into account that
is in agreement with previous observations of PKS 181D over short time intervals, AGILE might not spectrally ressl
by H.E.S.S. in 2009 March-April (Abramowski et al., 2013). the blazar due to low statistics, and in such cases a “stdhdar

fixed spectral photon index value of 2.1 is adopted for the ML
analysis. This lect may result in an additional systematic error
3. HE y-ray observations, data analysis, and results on the flux (not shown in the figure). By using, for example,

. . e . a fixed spectral index value of 2.4, AGILE flux values would
We investigate the emission in the HEray range making use chanae on averade by a factet5%
of two instruments: AGILE-GRID andrermi—LAT. The com- 9 ge by '

parison and combination of the HE and VH&ay results are The first high state_(FIare-I) triggered the AGILE algrt sys-
presented in Section 3.3. tem and four day quick-look results were reported in ATel

#3907 (Verrecchia et al., 2012). Performing a refined ML anal
ysis by optimizing the background estimates on the AGILE-
3.1. AGILE GRID data covering the seven day period from January 26 to

. - February 2 (MJD 55952.5 to 55959.5), yields in a detection at
AGILE (Astrorivelatore Gamma ad Immagini LEggero, significance level of aboutdr. The flare-I spectral analysis

Tavani et al., 2009) is a scientific mission devoted to theeobs _. : _

vation of astrophysical sources of HErays in the 30 MeV — %;‘333%?%”5?1?6 F;h %gzisg'm and a flux F (& 100

30 GeV energy range, with simultaneous X-ray imaging cdpabi SO —

ity in the 18 — 60 keV band. The AGILE payload combines for 1h€ second flare (flare-1I), with highesray flux, was an-
the first time two coaxial detectors: the gamma-ray imagiag gnounced with ATel #3934 (Lucarelli el al., 20122)._1The source
tector (GRID, composed of a 12-plane silicon-tungsterkegc Maintained its high state above 40 ph cn® s™ for al-
a cesium-iodide mini-calorimeter and an anti-coincidendBOSt two weeks. We performed the AGILE ML analysis on this
shield) and the hard X-ray detector Super-AGILE. Fheay two-week period (from 2012 February 20 to 2012 March 05,

GRID imager provides good performance in a relatively smaffdD 55977.5 to 55991.5) obtaining a detection atléo sig-

and compact instrument due to the use of silicon technolagy: Nficance level. The corresponding spectral analysis prees/a
effective area of the order of 500 @rat several hundred Mey. Photon index’=2.21+0.11, consistent with that of Flare-I, but a

an angular resolution of around 3.5t 100 MeV, decreasingi higher flux F (E-100 MeV)=(4.4x0.5} 10 ° ph cnr? s+,
below I above 1GeV, a very large field of view (2.5 sr), as

well as accurate timing, positional and altitude inforroati 1 ADC pointing (sw=5.19.18.17) and spinning (sw5.2118.19)
During the first~ 2.5 years (2007 July - 2009 October)archives, fronhttp://agile.asdc.asi.it

AGILE was operated in “pointing observing mode”, charac-2 AGILE_SW.5.0.SourceCode from ADC website, will8823 cali-

terised by long observations called observation blockss)QOBbrations.

g H Observed

E2dN/dE [TeV cmi? s

10%2
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Table 1.Integral photon fluxes 100 MeV detected by AGILE-GRID

Epoch Integration period  Energy bin Flux r
[MJD] [MeV] [ph cm=2s7Y]
Flare-1 (7 days) 55952.5 -55959.5 > 100 (20+£05)x 10°% 217+0.24

Flare-1l (14 days) 55977.5-55991.5 > 100 (44+05)x10° 221+0.11
Postflare (14 days) 55998.5 - 56012.5 > 100 (18+05)x10° 239+0.36
Low/intermediate state  55746.5 - 55803.5 > 100 (Q1+15)x 107 244+0.17

Table 2. Differential flux valuesyF(v)) detected by AGILE-GRID in 2012

Epoch Integration period  Energy bin v vF(y)

[MJD] [MeV] [Hz] [erg cm=2s7Y]
Flare-1 (14 days) 55977.5-55991.5  100-200 3d2? (7.0=x11)x 10
200 - 400 6.85<10°2 (7.2+1.3)x 1071°
400-10000 4.8410° (52+11)x10°
Low/intermediate state 55746.5-55803.5 100-200 X#F? (17+04)x10W
200 - 400 6.85<10°2 (1.7+0.4)x 1071°
400-10000 4.8410%° (6.4+03)x 10

After 2012 March 9 (MJD 55995) the source went back tthe fitting process, take into account thé&asey-ray emission
a low-flux state, with the source sky position approachirgy tirom our Galaxy and an isotropic filise component. During
border of field of view of AGILE, and after 2012 March 14the spectral fitting of the point source the normalizatiofithe
(MJD 56000) the AGILE daily fective exposure gradually de-components comprising the entire background model were al-
creased. The ML analysis over the 14 day period starting towed to vary freely. To derive the source spectral infoioraan
2012 March 12 (MJD 55998.5) gives the source at a significanaebinned maximum likelihood technique was applied to event
level of around @r, with a photon indeX'=2.4+0.4 and an aver- in the energy range from 100 MeV to 300 GeV (Mattox et al.,
age flux F (100 MeV)=(1.8+0.5)10% ph cnt? 571 1996) in combination with the post-launch instrument resgo

For comparison, we have identified one of the typicdlinctions P7SOURCE/6. Sources from the 2FGL catalogue
low/intermediate states of the source withray flux be- (Nolanetal.| 2012) located within 1%f PKS 1516-089 were
low 108 ph cnt? st from 2011 July 4 to 2011 Augustincorporated in the model of the region by setting the spéctr
30 (MJD 55746.5 to 55803.5), and performed the AGILEwodels and the initial parameters for the modelling to threse
ML analysis getting a photon indeRk=2.44+0.17 and a flux portedinthe 2FGL catalogue. In particular, the sourcetefrest
F (E>100 MeV)=(0.91+0.15)10°¢ ph cnt? s71. AGILE results was modelled with a Log parabola spectifim
during the MAGIC observation period in 2012 and this low in-
termediate state are summarised in Table 1 and Table 2. dN E ,(Mﬁmg(E_Eb))

o - O(Eb) )

3.2. Fermi-LAT

. . . . whereN, is the normalizationE;, the break energy andandg
Fermi—LAT (Large Area Telescope) is a pair conversion tel yarameters for the log parabola fit.

scope designed to cover the energy band from 20 MeV to gre “In the fitting procedure the parameters of sources located

than 300 GeVi(Atwood et al..2009). In its primary observatio ithin a 10 radius centred on the source of interest were left free
strategy, survey mode, the LAT scans the entire sky eveqetmw

hours and therefore can provide observations of PKS 1680 Lou\lllfgllvv‘;’?g%f:éawﬁ;er:s gl;ff)(?runri(r:]estLoeCﬁ:?grvtvrgll? ?tlg; r?/r:al_an
simultaneous to MAGIC. ' p g g

PKS 1510-089 has been continuously monitored frmi SED bins, the photon indices of the sources were frozen to the

and the data used for this analysis were collected from 20E23t_m values obtained from a long-term analysis. Systema

: certainties in LAT results due to uncertainties in tffecive
January 1 to April 7 (MJD 55927-56024). They were ana rea are discussedlin Ackermann etlal. (2012); they areemall

ysed with the standard analysis tagilike, part of theFermi g P o -
ScienceTools software package (version 09-27-01). OnQdgog]n%nhtgsesgj:ésr:lEilngézgalntles of the points in thetligirves

gﬁg:It)s/igvl\(jlrc])trse(\;\c;hrlqolngusgagiégigﬁﬁn\gggi fsreolac,:ﬁggg The Fermi-LAT one day bin light curve is shown together
ysIS. ' with the multi-frequency light curves in Section 7. Since th

limb  rays produced by cosmic ray interactions with the UpPEh, . i not always significantly resolved, flux upper kit
iggosaﬂr&etrii%gatgri\gg;ev;ﬁgtr??ﬁeedstoa?;erz%'tr?gl;ﬁﬁ] nltgnarlfglegg% confidence level were calculated for each time bin where
P P 9 angie & test statistit(TS) value for the source was ¥85. The light

ceeded 52were excluded. rve shows that the flaring activity had a duration of abdut 5

. . C
To extract the spectrql information we .used th.e Stanqaﬂays iny rays and consisted of several distinct flares.
background models provided by the publicly available files

gal2yearp7vev0_trim.fits and isap7v6source.tit The back- 4 1y //fermi.gsfc.nasa.gov/ssc/data/analysis/
ground templates, whose normalizations were left freenduriscitools/source_models.html
5 a maximum likelihood test statistic TS 2Alog(likelihood) be-

3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/ tween models with and without a point source at the positioRKS
BackgroundModels.html 1510-089|(Mattox et al., 1996)
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Table 3. Comparison of the dlierent spectral models for the Fermi-LAT data for PKS 15089

Epoch Power-law Log parabola oP
Flux@ Index TS Loglike Flug Alpha Beta TS Loglike
ogﬂsﬁs{;ion 3.97+0.08 2.39+0.02 12241 107077 3.820.08 2.24+0.03 0.09+0.02 12243 107056 6
Mean state 2.6#£0.04 2.40+0.01 19943 269334 2.560.04 2.26:0.02 0.09+0.01 19942 269299 8
Low state 0.79+0.04 2.52+0.04 1417 99964 0.780.04  2.35+0.07 0.12+0.04 1422 99959 3
High state 6.50:0.14 2.220.02 7389 41207 6.20.17 2.120.04 0.1@:0.02 7421 41191 4.5

Notes. @ Flux (100 MeV - 300 GeV ) is in units of [I6 ph cnm2s] ® Significance by which the Log parabola model has to be predentr.t.
the simple power-law modet{calculated as [2(oglikep — Loglike ogr)]*/?).

As PKS 1516-089is known to show variability ontime scale |, — x x T x x x —]
less than a day (Saito et al., 2013; Brown etial., 2013) we alsQ. 1,| | Femitat>100vev, 4 3 . ,
searched for shorter time scale of variability within thightest > o} ) ‘ £
flaring epoch 2012 February 17 to March 8 (MJD 55974-55994)5

and produced light curves in bins of 1.5 hours and 3 hours (the,

[
o N A~ O @

latter is shown in FigJ3). We systematically looked at tighti £ };M;ﬁww 13T
curves and calculated the doubling timg3 between significant R

(TS>25) ad]acent blns fO”OW'n@ = At . |n 2/ |n(FmaX/an) 55976 ‘55978 55980 55982 .55984 55986 55988 55990 551992

Excluding flux variations that were withinoland doubling Tmel

times with errors larger than 50%, the shortest value thadeve Fig. 3. Fermi-LAT >100 MeV light curve in the three hour bins

rive for this period igy = 1.5+ 0.6 hour. for the first MAGIC observing period. The vertical lines repr
We considered thEermi-LAT data of individual light-curve sent the MAGIC observing times (all shorter than three haurs

bins, fitting them with a power-law model in order to investiduration) showing that the MAGIC observation windows misse

gate spectral evolution in the HE range. In this analysis we the times of the fastest Hizray variability.

not find evidence for this behaviour, although we note that th

source spectrum is better represented by the log parabatee sh

in several time intervals, thus the power-law fit may not adgations missed all the periods of fast HEray variability and
quately reproduce the source spectral shape. Additioifially herefore it was to be expected that no fast variability widag
apparent that during the high state, the spectral indexisfsi  getected in the MAGIC observations. Apparently the MAGIC
cantly harder than for the low state or mean state (see below)opservations also missed the highest peaks of the- light
The SED was obtained combining all events of time incurve. The maximum flux measured simultaneous to the MAGIC
tervals coincident with the last two VHE deteCtionS, i.enfr observations is |:>(:]_00|\/|eV)V 8.10°° ph cnt? st andthe aver-
February 19 to March 5 (MJD 55976-55991) and from Marcige of the strictly simultaneous bins issFl00MeV)~4.410°°
15 to April 3 (MJD 56001-56020). For comparison we analyseash cnt2 s1.
the mean state in 2012 January-April (MJD 55927-56025a 10 For the second MAGIC observation window in March-April
state SED which consists of the data taken in 2012 Ja_nuary qﬁgm 56001 to 56020), fast variability could not be invgated
April (MJD 55927-55954 and 56007-56025) and a high stafcause of the lower Hizray state of the source. After March
which consists of all time periods when tiiermi flux was 23 (MJD 56009), the source was no longer detected on daily
> 6-10° ph cnt? 5. The log parabola model is significantlyscales in HE rays, the daily upper limits being below0t 10-°
preferred (in the MAGIC observing epoch witbr&ignificance ph cnr2 s-1. Therefore, in total, the Hig-ray flux variability am-
and in the low state with@®) with respect to the power-law in all pjityde, within the windows strictly simultaneous to the KBEC
results are shown in Tabé 3. go undetected in the MAGIC light curve given the overall low
flux as discussed in Section 2.2. It is therefore not possible
conclude if the lack of significant variability in the VHzray
band has a real physical origin or if it is simply an obseoszdil
We compared the results of the observations in HE and VHiias (either due to unfortunate sampling or due to low photon
y rays. As discussed in previous sections, thejHEy flux is statistics).
variable on time scales shorter than day. Therefore it agpea The SED of PKS 1510089 from~100 MeV to~400 GeV
that fast variability can explain the small mismatches leetv is presented in Fid]4. The Hizray data from AGILE-GRID
daily fluxes ofFermi-LAT and two-day fluxes by AGILE-GRID. and Fermi-LAT cover slightly diferent periods (AGILE from
These light curves are shown together with multi-frequdigty MJD 55977.5 to 55991.5 anéermi-LAT from MJD 55976 to
curves in Section 7. The variability amplitude of the hiFay 55991 and from 56001 to 56020). The AGILE-GRID data con-
flux is rather large (more than one order of magnitude in flusjst of flaring state data only while thieermi-LAT spectrum
in the first MAGIC observing period (MJD 55976 to 55991)summarises all events of the time intervals coincident \with
Still, within this period, MAGIC observed no statisticalbijg- MAGIC observation window. As suggested by AGILE and con-
nificant variability from the source. In Fi¢] 3 tHeermi-LAT  firmed byFermi-LAT, the brighter states are characterised by a
light curve in three hour bins is shown. The vertical linesvgh hardening of the HE spectrum, and therefore the higher flux ob
the MAGIC observation times, revealing that the MAGIC obseserved by AGILE at 2 GeV is expected. The peak of the SED is at

3.3. Gamma-ray results
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Fig.4. y-ray SED constructed from AGILE-ermi-LAT and i 4 |

MAGIC data. The AGILE-GRID data (grey filled squares) cor- r 1

respond to the data of Flare-Il (from MJD 55977.5t0 55991.5) 1.8 — 1 -

The Fermi-LAT spectrum (black open circles) combines all - 1 .

events of time intervals coincident with the MAGIC observa- - .

tion window (MJD 55976 to 55991 and from 56001 to 56020) L R

with the blue lines showing the log parabola fit to the dataand o, L. 1+ | v v v |+ | Ll

its statistical uncertainty (the thinner lines). The fit ainel errors 4 6 8 10 12 14

of theFermi-LAT spectra have been extrapolated to MAGIC en- Flux [107'2 erg cm~2 s7']

ergy range. The dashed blue lines show the extrapolatidn wit ) )

the EBL absorption feects included. The MAGIC data pointsFig. 5. Flux (0.3-10 keV) versus photon index f8ift-XRT.

are shown with black filled squares (observed) and red fillédthough there was only marginal X-ray variability duriniget

circles (de-absorbed). The corresponding shaded regiin irPbservations, the plot shows a hint of harder when brightext

cates the statistical uncertainty of the spectral fittiregr(e as

in the Fig. 2). The grey data shows, for the comparison, the

low-intermediate state spectrum of the source as measyredfrtpipeline v0.12.6), filtering, and screening criteria by

AGILE-GRID (triangles) andrermi-LAT (open triangles) and using theHeasoft package (v6.11). The source count rate was

high-state SED as measuredfsrmi-LAT (open squares). low during the entire campaigr<(0.5 counts st), so we only
considered photon counting data and further selected XEfitev

i , grades 0—12. Pile-up correction was not required. Soureptsv

~ 100 MeV. The log parabola fit and the errors of Beemi-LAT  \yere extracted from a circular region with a radius of 20 pix-

spectra have been extrapolated to the MAGIC energy range. ¥Yg (one pixek 2.36"), while background events were extracted

also show the extrapolation taking into account the EBL 8BS0 from 4 50 pixel radius circular region not containing any <on

tion using the model cf Dominguez, et al. (2011). The VIHE 5 minating sources and lying away from the source regioe. Th

ray spectrum observed by MAGIC connects smoothly with thigyectra) redistribution matrices v013 in the Calibratiatetase
extrapolation suggesting that the emission originatelsarstme 5intained by HEASARC were used.

region. The adopted energy range for spectral fitting is 0.3—10keV.
When the number of counts was less than 200 the Cash statistic
(Cash [ 1979) on ungrouped data was used. All the other spectr
results were rebinned with a minimum of 20 counts per energy bin to al-
low y? fitting within XSPEC (v12.6.0; Arnaud_, 1996). We fitted
The Swift satellite (Gehrels et al., 2004) performed 23 ToO olihe individual spectra with a simple absorbed power lawh ait
servations on PKS 15189 between 2012 February 2 andeutral hydrogen column density fixed to its Galactic vati8g
April 5 (MJD 55959-56022), triggered by the strong activity 10°° cm™?; Kalberla et al., 2005). The fit results are reported in
of the source detected first by AGILE (Lucarelli et al., 2012Jablel4.
and Fermi-LAT at HE y-ray energies, and then by MAGIC at  During the observationSnift-XRT detected the source with
TeV energied (Cortina, 2012). The observations were padr a flux, F (0.3-10 keV), in the range (0.7-: &) *?erg cm? s,
with all three onboard instruments: the X-ray TelescopeTXRcomparable to the flux observed in 2009 March, during a period
Burrows et al. [(2005), 0.2-10.0 keV), the Ultraviolet Optic of high HEy-ray activity (D’Ammando et &ll, 2011; Abdo etlal.,
Telescope (UVOT;_Roming et al. (2005), 170-600 nm), and t2010a), but lower with respect to the high flux level observed
Burst Alert Telescope (BAT;_Barthelmy etlal. (2005), 15-158006 August|(Kataoka etal., 2008). The light curve is shawn i
keV). Section 7, together with the multi-frequency data.

For theSwift-XRT data analysis, we considered observations The flux versus photon index plot is shown in Hig. 5. At
with exposure times longer than 500 seconds, including 20 diigher flux the photon index seems to become harder. This be-
servations. In addition we summed the data of the three wsethaviour is consistent with the harder when brighter trend re
tions performed on February 19 in order to have higher statjgorted in[ Kataoka et all (2008) and D’Ammando et al. (2011).
tics. The XRT data were processed with standard procedufesdiscussed in these papers, such a trend indicates thagi b

4. Swift X-ray observations, data analysis and
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states the X-ray emission is completely dominated by eaterfMJD 55959), the source was observed every night, weattter an
Compton emission, while in lower state there is also coatiimn  moon conditions allowing. The data were reduced using #re st
from a soft excess component, which could be e.g. a blurred dard data analysis pipeline (Nilsson et al. in preparatam)
flection, Comptonization of the thermal disc emission or &-mithe fluxes were measured withffdirential photometry, using the
ture of synchrotron, external Compton and SSC emission.  comparison stars from Villata etlal. (1997).

We also investigated th8wift-BAT data using theSwift-
BAT Hard X-ray Transient Monitor (Krimm et al., 2013). In the . o
BAT data for 2012 January-April there is only a hint of sig-5'3' ggftl’ggyggstzng;’fzgd polarisation from Steward and
nal (2.57) on 2012 February 9 (MJD 55966), with a rate of
(0.0033+ 0.0013) counts s cm2, corresponding to 15mCrabOptical (4000-7550A) spectropolarimetry and ffelien-
in the 15-50keV energy band. As a comparison, in 2009 Marghl spectrophotometry were performed at the Steward
the high flux observed by BAT in hard X-ray was 40 mCral®bservatory 2.3m Bok Telescope using the SPOL CCD
(D’Ammando et al., 2011). ImagingSpectropolarimeter. These observations were obtained

as part of an ongoing monitoring programmeyefay bright
_ _ _ _ blazars in support of theermi[l.

5. Ultraviolet, optical, near infrared observations, The observations took place on 2012 January 22-29, 2012

data analysis, and results February 13-21 and 2012 March 21-28 (MJD 55948-55955,

55970-55978, 56007-56014). The data analysis pipelinedis d
PKS 1516-089 is included in many ongoing optical blazar mongqrined if Smith et all (2009))_ ySiS pip

itoring programmes which provide good coverage from ultrav  po|arimetric and photometrR-band observations were also

olet (UV) to infrared (IR) bands (Fi@16.). Polarimetric @8a- o\ ided by the 1.8 m Perkins telescope of Lowell Obseryator

tions of the source were also performed. The participating 0qqinped with PRISM (Perkins Reimaging Svstem) in 2012
servatories are described in Section 5.1-5.6 and the sasthe auipp ( ging =y )

) . X _ . March. The data analysis was done following the standard pro
optical observations are discussed in Section 5.7. cedures as in Chatterjee et al. (2008).

Because the EVPA hast# 8C° xn (wheren= 1,2, ) ambigu-
5.1. Ultraviolet and optical photometry from UVOT ity, we selected the values such that thiéatences between any

two points were minimised. There was one data point (Hig. 6)

The UVOT covers the 180-600 nm wavelength range using filhich differed by~ 90° from the previous observation; we thus
ters:UVW2, UVM2, UVWL, U, B andV (Poole et al., 2008). selected the EVPA for this point which does not cause a change
We reduced theSwift/UVOT data with theHeasoft package in the direction of rotation between the two points.
version 6.12 and the 20111031 release of 8aéft/lUVOTA
CALDB. Multiple exposures in the same filter at the same epoch . ) )
were summed withuvotimsum, and aperture photometry was>-4 Optical and near infrared observations from
then performed with the taskvotsource. Source counts were GASP-WEBT
extracted from a circular region with a 5 arcsec radius eeldn - Aqgjtional R-band monitoring data were collected by the

the source. Background counts were estimated in a surmgnds| AST-AGILE support programme (GASP) of the Whole
annulus with inner and outer radii of 15 and 25 arcsec, respeyrth Blazar Telescof§WEBT). These GASP observations of
tively. The background region was selected such that it doés pks 1516-089 were performed by the following observatories:
contain any contaminating sources. _ Abastumani, Calar Alto, Crimean, Lulin, Rozhen, St. Péterg

We also compiled SEDs for all 19 epochs for which obsegnd Teide. The source magnitude is calculated with respéoet
vations in all the six UVOT filters were available. Thgr and  reference stars two to six calibrated by Raiteri et al. (}99Be
count-rate-to-flux conversion factors were derived by oW GASP near IR data were acquired in theH, andK bands with
ing the source spectrum with théfective areas of the UV fil- the |AC80 and Carlos Sanchez telescopes at Teide Obseyvator
ters. In the same way we calculated the Galactic extinction Theijr calibration was performed using field stars with thestno
the various bands, using the Cardelli €tlal. (1989) law attthge reliable photometry (signal to noise ratio/\6x 10 and uncer-

Ry = 3.1 andAg = 0.416 aftel Schlegel et al. (1998).The resultginty o < 0.11) in the Two Micron All Sky Survey(2MASS)
were used to obtain de-reddened flux densities. Four outeof htaiogue.

19 SEDs (for the sake of clarity) were combined with the gdtic
and IR data and are shown in [Fig.7. These epochs correspond to ] .
pre-outburst (2012 February 7, MJD 55964), two local maxinfad. Near infrared observations from REM

(2012 February 24, MJD 55981 and 2012 March 1, MID 55982)-\, (Rapi ; ; i :
pid Eye Mount) is a 60 cm diameter fast reacting tele
and post-outburst (2012 March 26, MJD 56012) phases of §&,ne |ocated at La Silla, Chile. The telescope has two in-

light curves. struments: REMIR, an infrared imaging camera, and ROSS,
a visible imager and slitless spectrograph (Zerbi 2t alQ120
was observed by REM starting on 2012 January 25 (MJD 55951)

PKS 1516-089 was observed as a part of the Tuorla blazar morjuring 28 nights. Typical exposure durations were of 30 fién t

toring programnté which provides optical support observationg, H, andKss filters. The data were analysed in a standard way

for the MAGIC telescopes and participates in the GASP-WEB{sing tools provided by the ESO-Eclipse packdge (Devillard

collaboration, with the KVA 35 cm telescope at Observatdegb 1997). Standard aperture photometry was derived and sesult

Roque de los Muchachos, La Palma. The observations started

on 2012 January 14 (MJD 55940) and after 2012 February 2 http://james.as.arizona.edu/~psmith/Fermi

8 http://www.oato.inaf.it/blazars/webt

6 http://users.utu.fi/kani/Im ® http://www.ipac.caltech.edu/2mass/
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Table 4.Log and fitting results o8wift-XRT observations

Date Net Exp. Time  Photon Index Flux 0.3-10.0 ReV 2, (d.o.f.)/ Cash
(sec) r (x10*ergcm?s? )
2012-02-02 2470 135+ 0.17 78+ 0.7 Cash
2012-02-04 2450 142+ 0.16 107+ 1.2 0.85(19)
2012-02-05 2655 127+ 0.16 101+11 1.00 (18)
2012-02-07 2140 156+ 0.16 80+12 1.00 (14)
2012-02-17 789 165+ 0.21 87+17 Cash
2012-02-19 5781 163+ 0.09 79+ 06 0.95 (39)
2012-02-21 1286 160+ 0.23 86+ 15 0.76 (8)
2012-02-22 2700 151+ 0.14 90+10 1.05 (19)
2012-02-23 2989 143+ 0.13 96+ 1.1 0.85 (22)
2012-03-01 1024 137+ 0.18 108+ 1.7 Cash
2012-03-18 3224 136+ 0.13 116+ 1.3 0.77 (20)
2012-03-20 1351 145+ 0.17 89+15 Cash
2012-03-22 2477 128+ 021 86+ 16 1.06 (9)
2012-03-24 1219 131+ 0.17 125+ 19 Cash
2012-03-30 2695 158+ 0.13 79+0.9 1.01 (17)
2012-04-01 2620 159+ 0.14 86+ 0.9 0.71(17)
2012-04-03 1596 140+ 0.15 93+12 Cash
2012-04-05 1196 161+ 0.20 71+£12 Cash

Notes. @ Observed flux

calibrated by a suitable number of well-exposed 2MASS dbjeds the best sampled light curve, shows several smaller &undpli
in the field. (<0.5mJy) local minima and maxima. In particular there is a dip
in the light curve on 2012 February 19 (MJD 55976.5) and three
. . . . local maxima after the major peak (2012 March 1, March 5 and
5.6. Optical polarimetry observations from Liverpool March 13; MJD 55987, 55990 and 55999). The flux densities
Telescope varied by 5mJy(Ks), 1.5mJy (R) and 0.2 mJy (UVW1). Hence,

RINGO-2 is a fast readout imaging polarimeter mounted e source variability amplitude decreases as the frequienc
the fully robotic 2-m Liverpool Telescope at Observatori d creases, as is usually found in FSRQs. This can be explajned b
Roque de los Muchachos, La Palma. RINGO2 uses a hybfit¢ accretion disc emission diluting the UV emission from th
V + R filter, consisting of a 3mm Schott GGA475 filter ceiet (e.g.Raiteri etall, 2003, 2012) and the emission oaityiy
mented to a 2mm KG3 filter. PKS 152089 was observed asfrom the disc needs to be taken into account in the SED mod-
part of a monitoring programme and started on 2012 Janu&ing (see Section 8).

19 (MJD 55945) with rather sparse sampling, but after 2012 The optical polarisation degree was generally law10°)
February 21 (MJD 55978) the source was observed every nigitying 2012 January-April compared to previous obsernatio
weather and moon conditions allowing. The data were redudgdg Marscher et al., 2010). Therefore the error bars of tha-m
as described in_Aleksic etlal. (2014) using a data reductisarements are rather large. The EVPA showed three rotatfons
pipeline written for the monitoring programme. Inspectidthe > 18C°. The first one started in the beginning of the campaign
data revealed that due to the combination of bright moortighar and ended around 2012 February 20 (MJD 55977 [Fig. 6). The
cloud coverage and low average polarization of PKS t8B9, rotation was-38(C, with a rotation rate o£10°/day in counter-

the S/N was very low during many nights and no significantlockwise direction. The visual appearance of the rotatiove
polarization was detected. In order to improve 818 we aver- is rather smooth, but is rather poorly sampled between dgnua
aged observations over five day bins by first averagifi|g@d 29 and February 13 (MJD 55955 and 55970). The second rota-
U/l and then computing the unbiased degree of polarizgtipn tion started on February 20 (MJD 55977) and ended on February
and its error as in_Aleksic et al. (2014) with thdfdrence that 25 (MJD 55982), lasting only five days. The rotation\i250°

the error of EVPA was computed using the confidence intervalad the direction is opposite to the first rotation (i.e. kloise).
inINaghizadeh-Khouei & Clarke (1993), which are betterexliit After these two rotations the EVPA was stable-@t until March

for low §/N data than the-(EVPA) = 28.65+op/p formulaused 7 (MJD 55993) when the third rotation started in a counter-
inlAleksic et al. (2014). clockwise direction and ended around March 14 (MJD 56000)
at~ 150°. On March 22 (MJD 56008) it dropped to 80° and
remained stable until the end of the campaign.

The comparison of these rotations with the photometridligh
The optical-UV and polarisation light curves from 2012 Janyu curve and polarisation degree behaviour shows that therdirst
to April (MJD 55952-56025) are shown in Figl 6. The lightation takes place during an increase in the optical flux. Séte
curves show an increasing flux peaking at near IR to UV wavend rotation starts when there is a small dip in the optichBRe
lengths on 2012 February 25 (MJD 55982), the optical flux molight curve and a local minimum in the polarisation degre®e T
than doubles and reaches a maximum flux of 22239 mJy in rotation stops when the optical flare peaks. The third raati
the R-band. After that the general trend of the light curgesa-  starts with a small optical outburst and stops when the decay
creasing. On the top of this flare, the R-band light curve Whigphase of the optical flare has reached a plateau.

5.7. Results
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Fig. 6.Light curves of PKS 1518089 in the UV, optical and near IR bands. The optical poléingadegree and angle are also shown
in the two top panels. The next panels show B4/ift/UVOT, middle), optical (KVAGASPUVOT, second from bottom) and near
IR (REM and GASP, bottom) light curves of the source. The narsin the second from the top panel refers to the rotatiotiseof
EVPA discussed in the text. Vertical line indicates the tiwteen the PA changes by 90° between the highlighted point and the
previous point (see text). The fluxes are given in mJy and arearrected for Galactic absorption.

We constructed SEDs from IR to UV for four distinct6. Radio observations, data analysis, and results
epochs: 2012 February 7 (MJD 55964, before the outburst), _ ) )
February 24 (MJD 55981, peak of the outburst), March RKS 15106-089 is part of the numerous blazar radio monitor-
(MJD 55987, second local maxima in the R-band light curv&)g programmes extending from 2.6 GHz to 230 GHz by F-
and March 26 (MJD 56012, quiescent state after the outhurstesAMMA, Medicina, UMRAO, OVRO, Metsahovi, VLBA and
shown in Fig[V. A softening of the SED from the pre-burghe Submillimeter Array. The observations collected fos tha-
epoch to the epoch of outburst maxima is clearly visiblehin t Per are presented in Sections 6.1-6.7 and the results detus
first and last SEDs, taken before and after the outbursthére t 6.8.
mal contributions from the accretion disc are again cleaidy
ible as a strong increasing trend in the optical and UV bands. .
This behaviour was also seen for the 2009 outburst repanted?i1- Submillimeter Array

D'Ammando et al.(2011). The 230GHz (1.3mm) light curve was obtained at the
Submillimeter Array (SMA) on Mauna Kea (Hawaii). The SMA
is an 8-element interferometer, consisting of 6m dishes tha
may be arranged into configurations with baselines as long as
509 m, producing a synthesised beam of sub-arcsecond width.

10
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-10.8 T T T T T — T
A, MID55964 —e—i

about 1800 sources, each observed with a nominal twice per

B S @ee.‘: MIDSSoeL g week cadence.
109 ' x P B The OVRO 40 m usesfbaxis dual-beam optics and a cryo-
o 2 . genic high electron mobility transistor low-noise amplifigth
ar B -\. 1 a 15.0GHz centre frequency and 3 GHz bandwidth. The tele-

scope and receiver combination produces a pair of approxi-
1 mately Gaussian beams (157 arcsec full width half maximum;
FWHM), separated in azimuth by 12.95 arcmins. The total sys-

-111

Log VF, [erg/cmz/s]

a1z b ’ {1 tem noise temperature is about 52 K, including receiverpatm
o B\az sphere, ground, and CMB contributions. The two sky beams
a3l 7 : ; 1 were Dicke switched using the OFF-source beam as a refer-
8 ence, and the source is alternated between the two beams in an
114l el | ON-ON fashion to remove atmospheric and ground contamina-

tion. A noise level of approximately 3—4 mJy in quadraturéhwi
s ‘ ‘ ‘ ‘ ‘ ‘ ‘ about 2% additional uncertainty, mostly due to pointingesy
4 ‘2 w4 146 148 is 12 154 156 g gchieved in a 70s integration period. Calibrations wexe p
roov it formed using a temperature-stable diode noise source tovem
Fig. 7. Evolution of the infrared to ultraviolet SED from pre-receiver gain drifts and the flux density scale was derivethfr
outburst (MJD 55964) to two local maxima (MJD 55981 andbservations of 3C 286 assumingithe Baars et al. (1977) ehlue
55987) and to post-outburst (MJD 56012) phase of the ligBt44 Jy at 15.0 GHz. The systematic uncertainty of about 5% in
curves. The data are corrected for Galactic absorptiongusitte flux density scale is not included in the error bars. Cetepl
Schlegel et all (1998). details of the reduction and calibration procedure are doan
Richards et al. (2011).

PKS 1516-089 is included in an ongoing monitoring pro-g 4. F-GAMMA programme
gramme at the SMA to determine the fluxes of compact ex-
tragalactic radio sources that can be used as calibratonsnat The cmimm radio light curves of PKS 1510-089 have been
wavelengths| (Gurwell et al., 2007). Observations of atééla obtained within the framework of &ermiGST related mon-
potential calibrators are usually observed for three toffinne- itoring programme ofy-ray blazars (F-GAMMA programme,
utes, and the measured source signal strength calibraséusag Fuhrmann et all, 2007; Angelakis et al., 2008). The overel f
known standards, typically solar system objects (Titarmrus, quency range spans from 2.64 GHz to 142 GHz using the 100m
Neptune, or Callisto). Data from this programme are updateadio telescope located infielsberg, Germany and IRAM 30 m
regularly and are available at the SMA wehsite located on Pico Veleta in the Spanish Sierra Nevada.
The Hfelsberg measurements were conducted with the sec-

iy . ondary focus heterodyne receivers at 2.64, 4.85, 8.35510.4

6.2. Metsahovi Radio Telescope 14.60, 23.05, 32.00 and 43.00 GHz. The observations were per

The 37 GHz observations were made with the 13.7 m dPrmed quasi-simultaneously with cross-scans, slewingzn
ameter Metsahovi radio telescope, which is a radome dRwth and elevation across the source position with an adap-
closed paraboloid antenna situated in Finland. The meastf¢e number of sub-scans until the desired sensitivity &hed
ments were made with a 1 GHz-band dual beam receiver centffd details, see Fuhrmann et al., 2008; Angelakis et aD&20

at 36.8 GHz. The beamwidth is 2.4 arcmin. The high electré#ensequently, pointingfbset correction, gain correction, atmo-
mobility pseudomorphic transistor front end operates anro SPheric opacity correction and sensitivity correctionénaeen
temperature. The observations were performed in an ON-@Rplied to the data.

configuration alternating the source in each feed horn, thi¢h The IRAM 30m observations were carried out with cal-
second horn observing the sky. The flux density scale was ##fited cross-scans using the new EMIR horizontal and ver-
by observations of calibrator DR 21. The sources NGC 702ital polarisation receivers operating at 86.2 and 142.3GH
3C 274 and 3C 84 were used as secondary calibrators. A dée opacity corrected intensities were converted into tha-s
tailed description of the data reduction and analysis ismin dard temperature scale and finally corrected for small remai
Terasranta et all (1998). The error estimate in the fluxilensing pointing dtsets and systematic gain-elevatidfeets. The
includes contributions from the measurement rms and the wenversion to the standard flux density scale was done using
certainty of the absolute calibration. The PKS 15089 obser- the instantaneous conversion factors derived from fretyieh-
vations were done as part of the regular monitoring programmerved primary (Mars, Uranus) and secondary (W3(OH), K3-
and the GASP-WEBT campaign. 50A, NGC 7027) calibrators.

6.3. Owens Valley Radio Observatory 6.5. UMRAO

Regular 15 GHz observations of PKS 151089 were carried Centimetre band total flux density observations were obthin
out as part of a high-cadenceray blazar monitoring pro- with the University of Michigan Radio Observatory (UMRAOQ)
gramme using the Owens Valley Radio Observatory (OVRO) 48 m paraboloid located in Dexter, Michigan, USA. The instru
m telescope in Owens Valley, Californla (Richards et all1)0 ment is equipped with transistor-based radiometres dpgrat
This programme, which commenced in late 2007, now includfrequencies centred at 4.8, 8.0, and 14.5 GHz with bandwidth
of 0.68, 0.79, and 1.68 GHz, respectively. Dual horn feed sys
10 http://smal.sma.hawaii.edu/callist/callist.html tems are used at 8 and 14.5 GHz, while at 4.8 GHz a single-
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Fig.8.15GHz, 37 GHz and 43 GHz VLBA core long-term light curves frtdD 55750 (2011 July 8) to MJD 56030 (2012 April
13). The flux of the VLBA core at 43 GHz traces the shape of th&HZ light curve, indicating that the major part of the total
flux originates in there. Moreover, the new components fatmtB GHz are coincident with flux increase in the 37 GHz bahe. T
symbols at the bottom of the plot show the zero separatioshepwith the error bars of the components K11 and K12 from the
43 GHz VLBA core (see text).

horn, mode-switching receiver is employed. Each obsematiout with the VLBA recording system using eight 8 MHz wide
consisted of a series of 8 to 16 individual measurements owdrannels, each in right and left circular polarizationhlis-20
approximately a 25 to 45 minutes time period, utilizing an-ONscans of three to five minutes duration. All ten antennas were
OFF observing technique at 4.8 GHz, and an ON-ON techniqused except at epoch#fected by weather or receiver failure.
(switching the target source between the two feed hornstwhithe observations are performed about once per month. The dat
are closely spaced on the sky) at 8.0 and 14.5 GHz. As partvedére reduced and modelled in the same manner as described
the observing procedure, drift scans were made acrossgstram|Jorstad et al.| (200%, 2007). In short: the initial cortiela
sources to verify the telescope pointing correction cuyraesl was carried out at the National Radio Astronomy Observatory
observations of nearby calibrators were obtained everytone(NRAO) Array Operations Center in Socorro, New Mexico and
two hours to correct for temporal changes in the antenna apsubsequent calibration was performed with the astrondnnica
ture dficiency. The PKS 1516089 observations were done asge processing system (AIPS) software supplied by NRAO,
part of the regular monitoring programme and the GASP-WEBA#hile images were made with the Caltech software DIFMAP.
campaign. These calibrations included application of the nhominaéana-
based gain curves and system temperatures, as well asteamrec
- for sky opacity, followed by iterative imaging plus phasd am-

6.6. Medicina plitude self-calibration. The flux-density correction i from

The Medicina telescope is a 32m parabolic antenna locatestad et al. (2005) were used for the final adjustment of the

30km from Bologna, ltaly, performing observations at both Bux-density scale in the images. In addition to the kineosati
and 8.4 GHZ]. FWHM beamwidth is 38.7 arcmjifiequency ©f the jet, the total polarisation data and the polarisatibthe
(GHz). We used the new enhanced single-dish control system ¥LBA core were also analysed. Also these analysis follovied t
quisition system, which provides enhanced sensitivity syt Methods in Jorstad etlal. (2005).

ports observations with the cross scan technique. All olaser

tions were performed at both 5 and 8.4 GHz; the typical on-

source time is 1.5 minutes and the flux density was calibraté®. Results

with respect to 3C 286. PKS 151089 was observed during

2012 January-April as part of the regular monitoring progme |n second half of 2011 PKS 153089 showed extremely
and the GASP-WEBT campaign. high cm- and mm-band radio fluX_(Nestoras et al., 2011;
Orienti et al., 2011} Beaklini et al., 2011). During the autt

the flux increased from 2 Jy to 7 Jy. The outburst peaked first at
higher frequencies, the peak at 37 GHz was reached arourid 201
VLBA is a system of ten radio-telescope antennas, each wiflctober 21 (MJID 55855) and at 15 GHz er2011 December

a dish 25 m in diameter located from Mauna Kea in Hawaii t65 (MJD 55910, see Fig@l 8, outburst “11"). After the maximum
St. Croix in the U.S. Virgin Islands. VLBA observations weravas reached the two radio light curves showed decreasing flux
performed as a part of the Boston Universjtyay blazar mon- However, there are several smaller amplitude outburstplfam
itoring programme at 43 GHz. The observations were carriéades 1-2 Jy) visible in the both light curves peaking at 2012
January 20 and February 25 (MJD 55946 and 55982) at 15 GHz.
1 http://www.med.ira.inaf.it/parabola_page_EN.htm The last outburst at 15 GHz appears to be a sum of two outbursts

6.7. Very Long Baseline Array
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Fig. 9. High frequency (top), medium frequency (middle) and lowgfrency (bottom) light curves from SMA, Metsahovi, OVRO,
UMRAO, Medicina and F-GAMMA programme for the campaign peli

seen at 37 GHz peaking at 2012 February 8 and Februaryr@bdel of Marscher & Gealr (1985); in the first stage the inverse
(MJD 55965 and 55982, outburst “12a” and “12b” in Higj. 8). Compton losses dominate, in the second the synchrotroedoss
Figure[® shows radio light curves from all frequencies frordnd in the third the adiabatic losses.
the observing campaign period. In the lowest frequencies (2 The VLBA 43 GHz images reveal a new component (named
8 GHz) there is very little variability while at higher freqo- K11) corresponding to the major radio outburst of the sec-
cies variability is clearly present at all frequencies, thetrather ond half of 2011 appearing in 2011 December as already
sparse sampling does not allow us to identify outbursts fromported in[_Orienti et al.[ (2013) using the MOJAVE 15GHz
other than 15 GHz and 37 GHz light curves. data (see Fig[11). The apparent speed of the component,
The radio spectral evolution from 2012 January 28 to Apr{lL9.34 + 1.85)c, and the zero separation epoch 2011 October 29
17 (MJD 55954 to 56034) is shown in F[g.]10. In the four firstMJD 55864-12) ones derived hy Orienti etlal. (2013). In 2012
spectra at low frequencies the dominating component is¢he dpril there was a second new component appearing in the im-
caying major outburst. At higher frequencies the new owburages (named K12). It had an apparent speed aP@l62.43)c
12a is first visible on 2012 February 18 (MJD 55975). The ouénd a time of ejection of 2012 February 3 (MJD 559645)
burst 12b is first visible on 2012 March 4 (MJD 55990) and the596115days). The zero separation epochs of these compo-
peak then moves to lower frequencies. In the last two sptdfra nents agree very well with the local maxima in the 37 GHz light
outburstis visible as a flattening of the spectra above 15&tdz curve according to the general trend found_ in Savolaineh et a
increased flux. Both outbursts follow the typical spectrad-e (2002). The VLBA polarisation data showed in general a nathe
lution of radio outbursts. In the initial (growth) stageetByn- low polarisation of the core (1-3%) compared to the histori-
chrotron self-absorption turnover frequency decreasestla@ cal values from_Jorstad etlal. (2007) (0.9-9.7%). The oleskrv
turnover flux density increases. In the second (plateagestaEVPA of the core between 2012 January and April was between
the turnover frequency decreases while the turnover flusitlen -10° and 25. The sparse sampling does not allow us to trace pos-
remains roughly constant. During the third (decay) stagé basible rotations of the EVPA, but as shown in Higl] 12, the EVPA
turnover frequency and flux density decrease. The behaisouwalues of the VLBA core seem to trace close those of the dptica
in agreement with the three stage evolution of the shogktin-emission.
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Fig.12. Radio and optical polarisation behaviour of
1 PKS 1516-089in 2012 February-April.

2 L L
10 100

vena 29 to February 13, MJD55955-55970), flare Il (2012 February

Fig. 10.Evolution of the radio spectra over the campaign periot to March 9 , MJDB-55980-55995) and flare 111 (2012 March
from 2012 January 28 to April 17 (MJD 55954, 55975, 559934 to March 19, MJB56000-56005). Additionally there was a
56009, 56018 and 56034). The first radio outburst 11 in[Big.S8naller amplitude « factor four) flare between flare | and I1.
dominates the spectra in the first epoch, while in the secoh@ie first two flares also triggered the AGILE alert system, and
epoch new outburst 12a in Figl 8 is apparent in the high frate evident in the two day AGILE-GRID light curve, while dur-

quencies. In the third epoch 12b becomes visible in the lsighénd flare Il the source gradually exited the AGILE field of wie
frequencies with the peak moving to lower energies in thetfou As discussed in Section 3 AGILE arkérmi-LAT data hint for

and fifth epochs. a marginal harder when brighter trend. During these flares th
VHE y-ray flux remained rather unchanged. The flares were all
characterised by fferent multi-frequency behaviour at lower

1510-089

1sf lesepir 10001 2Decit iz S Shz energies. The firsg-ray outburst coincided with an X-ray peak.
b - - . K The first and secong-ray flares were accompanied by quasi si-
. F / 4 / multaneous flares in 37 GHz radio (flare I4irrays is simulta-
s %ﬁ?})} neous to flare 12a in radio and flare lljtray is simultaneous
5 oof @; Ao to flare 12b in radio, see Fig,113). During the first outburet¢h
i o W was also a rotation of the EVPA of 180°. This outburst also
E ' coincided with the zero separation epoch of new knot from the
wp S 43 GHz VLBA core (see Section 6.8).

During the secong-ray flare there was an optical outburst
ST T woE and in the very beginning a second rotation of the EVPA with

- ( 18C, but this rotation had a very short duration and it was in the
opposite direction from the first one. During this rotatibere
was also a local minimum of the polarisation degree, and this
rotation looks very similar to the one observed in 3C 279myri
the y-ray event seen bifermi-LAT in 2009 April (Abdo et al.,

‘ 2010b). However, while the optical flux started to decretise,

Sy : 26 my v-ray flare continued and the optical polarisation degresesta
to increase.
, , After these events the EVPA stayed constant until the third
Fig. 11. 43 GHz total (contours) and polarised (colour scalg}ation started apparently simultaneously with the thistburst
intensity images of PKS 151089 from 2011 September t0j, the y-ray light curve. During the outburst the degree of po-
2012 April (top) and 2012 April to October (bottom) with|grisation stayed constant. There was a gap in the 37 GHe ligh

| : AT I
Speak=2.58 beeamsggak=46 mJybeam, and a Gaussian restorcurve, however the emission level was similar before aner aft

ing beam:0.14x0.39 ma$ at PA=-1C (in the right bottom cor- the gap.

ner); contours represent 0.25, 0.5,...,64, 90% of the peak The overall outbursting event had several similaritieshio t
sity; line segments within the colour scale show directibn o-ray flaring event in 2009 discussed in Marscher et al. (2010)
linear polarisation; solid lines indicate position of cooments |Abdo et al. (2010a); D’Ammando etial. (2011): ejection of the
across the epoch, the core A0, knot K11, and knot K12. knot from the VLBA core, accompanied activity in the millime
tre wavelengths and the rotation of the optical polarisegiogle.
However, there are also somdfdrences: there was no preced-
ing y-ray flare, but the activity in radio andrays started simul-
taneously. Also the observed rotation of the optical pe&tion
Figure[13 shows the MAGIGGermi-LAT, AGILE-GRID, Swift, angle was shorter in duratior 30 days) and the rotation was
optical polarisationR-band photometry and 37 GHz light curvenly ~ 380 instead of> 720° seen in 2009.

of PKS 1516-089 in 2012 February-April. Thieermi-LAT light Marscher et dl/ (2010) interpreted the 2009 outburst ingerm
curve showed three distinct flares with flux increase mora thaf the phenomenological model presented for BL Lacertae in
factor five compared to quiescent state flux: flare | (2012dgnulMarscher et al.. (2008). In this model the rotation of the pela
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7. Multi-Frequency light curves

14



Jan 14

J. Aleksic et al.: PKS 151089

Time[date]
Jan 24 Feb 03 Feb 13 Feb 23 Mar 04 Mar 14 Mar 24

Apr 03

MAGIC > 200GeV

| }—i—(

_1‘6 = 1 1 1 1 1 1 1 1

L Feir?i—LA?' EE 3 . s
ﬁ?H EH% # qgﬁiﬂﬁ it 985,063%7%5%% E;i%ﬂﬁﬁ

1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
Fermi-LAT +—e—

§Fermi—LAT UL v
AGILE 2—-day :--o---!

>100MeV

-1
]

F[mJy]

erg cm s

F[10°® ph em? s7Y)

2.2

1.8
1.6
14
1.2

5.2

[]
—I-l l-l‘!III PBge - |

E:, 1)
o'

i%i

T e
o ¢ igiiii g%ﬁo

4 Vo
iiilvvv vy9vvy Vv

Swift (0.3-10) keV

Eﬁ;

R R & R N A B A A

p

L,

Perkins

+
L

g

RINGO2 —e— 7
Steward ---m--- -

R O

EVPA RINGO2
Steward

P(irklrp

et

1
—e—i

Lo

.

11T ) 1 1

e,

4.8

4.4

Metsahovi 37GHz
i

t

’ (X2

12b

¢

EE:L2a E$
4 g | K12 H& t

3.6 | 1
1 1 1 L 1 1 1 1 1

55940 55950 55960 55970 55980 55990 56000 56010 56020
Time[MJD]

Fig. 13.Multi-frequency light curve of PKS 151889 from VHEYy rays to radio in February-April 2012. The symbol marked K12
in the bottom panel shows the zero separation epoch of theAidBnponent K12 (see Section 6.8) from the 43 GHz VLBA core.
The numbering of the HE-ray and 37 GHz radio flares is described in the text.

sation angle is caused by a moving emission feature follgwiton field in optical and IR wavelengths. The same scheme can be
a spiral path as it propagates through the toroidal magfietlic adopted to the multi-frequency light curve discussed Héaee
of the acceleration and collimation zones. The emissiotufea | takes place as the emission feature passes the core whde fla
passes the 43 GHz VLBA core, interpreted as a standing donillas caused by the sudden energisation of the electronseof th
shock (Marscher et al., 2008), which compresses the kna. Témission feature and flare Il by the sudden increase in ited lo
synchrotron flares occur when the energisation of the @estr seed photon field.
increases suddenly while theray flares with very weak optical
counterparts are produced by an increase of the local seed ph Unlike the millimetre, optical and HE rays, the X-rays did

not show strong variability. The X-ray light curve showedamg
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eral shape similar to that of the Hgray light curve. However,
the sparse sampling and the small amplitude of variability i
the X-ray light curve, do not allow us to draw a strong conclu-
sion on the connection. The X-ray spectrum was hard, as in the
previous observations (D’Ammando et al., 2011; Kataokd.et a
2008), which is a signature of a hard electron populatiot wit
slope 1.6-2.0. The observed properties are in agreemeht wit_
the conclusion of Kataoka etlal. (2008) that the X-ray spaotr ¢
is a result of Comptonization of IR radiation produced by hotg
dust located in the surrounding molecular torus. Direct-iRd 2
(3.6— 16Qum) observations give an upper limit on the luminosity->
from thermal emission from such dust to b8210% erg s =
(Malmrose et al.|, 2011). E
As discussed in Section 5.7, the behaviour of the optical po§D
larisation EVPA during the observing campaign was pardidyl
interesting showing three distinct rotations f180C°. In ad-
dition to PKS 1516089 (Marscher et all, 2010) and BL Lac
(Marscher et al., 2008) such rotations have been reported fo
3C 279 in coincidence with-ray flaring events (Larionov et al.,
2008; Abdo et dl., 2010h; Aleksic etlal., 2011b, 2014). leskn
papers the rotations have been interpreted as a signattine of
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geometry, in particular as caused by a bent trajectory that t
moving emission feature is following. For 3C 279 the rotasio Fig. 14.Energy density of the photon field as function of the dis-
have been changing direction between epochs, which was intance from the central engine. The blue lines refer to the BLR
preted as a signature of an actual bend in the jet (Abda et alnd the red lines to infrared torus. The green line indicttes
2010b; Nalewajko et al., 2010). However, here the secorad rotszeh, (Calculated using the magnetic field derived for case
tion was very fast, the rotations took place very close iretand model, see text) and yellow zone indicates the area at whieh t
the multi-frequency data suggests that a major part of the-enjet is transparent at 37 GHz. The dashed lines indicate the as
sion would originate in one single emission region. Theefa sumed size of BLR (blue) and dust torus (orange). The thidk re
bend does not appear a likely explanation for the changeeof #ind cyan vertical lines indicate the regions which we setifur
direction of the rotations. our SED modelling.

As discussed in_Marscheretal. (2010, and references
therein), the rotations can also be explained by a turbuhem-
netic field within the emission region where cells with ramdo data cover the main MAGIC observation periods (2012 Felyruar
magnetic field orientations enter and exit the emissionoregi19 to March 5 and March 15 to April 3, MJD 55976-55991
causing a random walk of the resultant polarisation veator aand MJD 56001-56020) and AGILE data the period from 2012
apparent rotation. For rotations caused by the turbulegtwtic February 20 to March 5 (MJD 55977.5-55991.5).
field both directions should be as likely and they should occu The SEDs of FSRQs are conventionally modelled with a
at random times. Additionally the appearance of the rotatiosmall emission region (typically size of106 cm) close to
caused by turbulence is not very smooth. Turbulence as & pogise central engine, in regions where the dense radiatiod fiel
ble cause of the rotations is favoured by the fact that thetimts generated by the direct and reprocessed accretion dise emis
with different directions took place very close intime. Accordingion is thought to provide the ideal environment fdficent
toMarscher|(2014) such rotations are expected when turbuléC emission/(Dermer & Schlickeisér, 1994; Sikora étlal.,4)99
plasma flows at relativistic speeds down a jet and crosses ffigere is, however, growing evidence that, at least in some
standing shock. objects angbr at some epochs, the emission could occur far

In summary we conclude that the multi-frequency lighiiownstream in the jet (Sikora et al., 2008; Marscher et AD32
curves show compelling evidence that the emission duriigg tialeksi¢ et al.| 2011a).
flaring epoch is dominated by a moving emission feature émtat  For PKS 1516089 at the epoch analysed here, the multi-
close to the VLBA 43 GHz core. As described before such eﬂequency |ight curves and the ejection of a new component
idence has been found for PKS 15119 as well as in several from the 43 GHz VLBA core point to the co-spatial siting of

other sources (e.g. Jorstad etal., 2013, and referencesrthe the y-ray and millimetre flaring activity. Since the inner re-
The complicated flaring pattern, showing variable synabrot gions of the jet are highly opaque to low frequency photons
to Compton ratios and fierent time scales in fient wavebands, through synchrotron self-absorption (as indeed observethé
suggest that additionally both the emission region andtitlet:  great majority of FSRQs, e.0. Giommi et al., 2012), theay
lying jet might have some substructures. and millimetre emission region has to be located farther out
in the jet, at distances at which the jet is transparent abrad
frequencies. Another compelling indication that theays are

not produced very close to the nucleus is that, in this case,
We construct the SED for PKS 1512089 combining the ra- one would expect a strong depression of the emission above
dio data from F-GAMMA and Metsahovi with infrared, optical~ 20 GeV due to absorption through interactions with the UV-
and UV data from REM, GASP-WEBT and UVOT, X-ray dataptical emission of the BLR clouds (e.g. Donea & Protheroe,
from Swift-XRT andy-ray data fromFermi-LAT and MAGIC. [2003; | Sitarek & Bednarek, 2008; Tavecchio & Mazin, 2009;
The radio to X-ray data are quasi-simultaneous taken froh2 20Poutanen & Stern, 2010). Instead, the combiRerdni-LAT and
March 1 to March 4 (MJD 55987-55990) while tRermi-LAT  MAGIC vy-ray spectrum does not show signatures of strong ab-

8. Spectral energy distribution
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sorption, but a smooth log parabola shape. This is similahi@t cessfully reproduced (Fig.1L5) assuming that the emissionns
was observed for PKS 122216 (Aleksic et all, 2011a) and forat a distance of ~ 1 pc, i.e. within the torus indicated with a
other few other FSRQs whose LAT spectrum extends well abatveck red vertical line in Fig_T4. As a consistency check,ime
10-20 GeV, supporting the idea of emission occurring beybad fer the run of the optical depth at 37 GHzsfsnz, green line
BLR radius (Pacciani et al., 2012; Tavecchio et al., 2013).  in Fig[14) with the distance (for a conical geometry the sl

The simultaneous millimetre angray light curves show lawsB o« r=1, K o r~1 can be assumed, and adoptiBgK and
similar variability patterns on a weekly time scales, and aR, of the casea model), confirming that the emission region is
therefore consistent with a large dominating emissionomegi indeed characterised bgcn, < 1 as required by the correla-

R ~ ctyad = 2 x 10Y(6/10) cm, wheres is the relativis- tion observed in the light curves. The grey and the yellovagre
tic Doppler factor. The low compactness implied by suchdargn Fig.[14 indicate the opaque and the transparent millienet
dimensions makes the synchrotron self-Compton process,gions.

which the seed photons are produced in the jet via synchrotro For PKS 1516089 there are measurements of the distance
radiation (e.g. Maraschi etlal., 1992), highly ffieient. It is of the VLBA core from the central engine. Pushkarev et al.
thus unable to produce the observeday emission (see e.g.(2012) used the core shift measurements to locate the 15 GHz
Lindfors et al./ 2005, for the case of 3C 279), and therefoee tVLBA core at~17.7 parsecs from the central engine. Using the
seed photons for IC scattering must be provided by some-extggeed and core shift measurement from that paper gives a dis-
nal field. tance 0f~6.5 parsecs (indicated with a thick cyan line in [Eigl. 14)

The radiative environment for the jet in PKS 151089 is for the 43 GHz core. At this distance, the infrared torus maker
schematically described in Fig]14, which reports the gnergrovides a strong enough source of seed photons for the IC pro
density of the external radiation in the jet co-moving fraase cess Marscher etal. (2010) suggest that the dilemma could be
a function of the distance from the central engine. Two compsolved if the jet is surrounded by slow sheath providing seed
nents are considered, namely the emission of the BLR cloudphotons for IC scattering. We test this scenario (dgsey as-
the innermost regions (blue), and the contribution pradidg suming that the emission blob is surrounded by a sheath with
the thermal emission of dust organised in the molecularstori'=2.2, so that the radiation field is amplified in the emitting re
at larger scales (red). The external energy density is asgungion by a Doppler factof = 3.7 (assuming a viewing angle 2.8
to be constant within the corresponding radius of the emgjtti andl'=20 for the blob). The fit to the SED is presented in Eig. 15:
structure,rg g andrg, for the BLR and the IR torus respec-the orange dashed line represents the observed emissiothfeo
tively, and shows a rapid decline beyond it. The detailed getodelled sheath, which would be negligible compared todhe |
ometry and extension of the BLR and of the IR torus are st#imission and therefore not directly observed. We therefone
under debate, but values typically adopted for the extassicclude that, from the point of view of the radiative propestithis
are of order QL — 1 parsec and * 5 parsecs, respectively.scenario is also feasible.

Nalewajko et al.|(2012) estimated that for PKS 15089 these We find that both models provide an acceptable fit to the
values aregir = 0.07 pc andrrorus = 3.2 pc. The curves in data and the resulting model parameters are given in Table 5.
Fig.[14 have been calculated following Ghisellini & Taveioch This implies that the presented scenarios are feasible mnd i
(2009), who provide simple scaling laws for the dimensiohs agreement with the obtained data; however the parameteds us
the BLR and the IR torus, depending only on the accretion difsr modelling are not unique. We also note that this SED rep-
luminosity, Lisc. In the literature there are several estimates @ésents an average emission state, since the data have beer
the disc luminosity (Celotti et al., 1997; Nalewajko etiaD12), collected over a few days, and do not account for the rapid
allin the range 3- 7 x 10* erg s™. In the following we assume (~ one hour) variability of they-ray emission as measured
Laisc = 6.7 x 10% erg s?, as inferred from the observed “blueby the Fermi-LAT (Saito et al.| 2013; Foschini etlal., 2013). As
bump” traced by UVOT. With the adopted;isc the estimates proposed by Marscher etlal. (2010) (see also Marscher/ 2014;
of (Ghisellini & Tavecchib(2009) provides.r = 0.086 pc and [Narayan & Pirain, 2012), such rapid flickering could indictte
I'torus = 2.15 pc. The resultind.torus is compatible with the up- presence of relativistic turbulent motion within the flow.this

per limits from mid-IR observations (Malmrose et al., 2011) framework, radiation from single, small, turbulent ceisoicca-

We reproduced the observed SED by assuming that the ensignally observed, while the long-term emission is the ltesfu
sion region (blob) is filled with electrons following a smhetl the integrated emission over all of the active jet volumerélo
broken power-law energy distribution with normalizatiérbe- detailed simulations along the lines|of Marscher (2014)rare
tweenymin and ymax, With slopesn; andn, below and above quired to investigate this scenario in detail.
the break at, as in_ Tavecchio et al. (1998) and Maraschi et al.

(2003). We assume a conical geometry for the jet, charac-

terised by a semi-aperture angle= 0.1° (Jorstad et all, 2005). 9. symmary and discussion

Electrons emit through synchrotron and IC mechanisms. &he r

ative luminosities of the IC components arising from the difin this paper we report the detection of VHE rays from
ferent target photon populations are proportional to thellef PKS 1516-089 by the MAGIC telescopes in 2012 February-
the corresponding energy densities (measured in the jeefa April. The VHE y-ray flux and spectrum are comparable to those
when the scattering takes place in Thomson regime. The gneopserved from the source in 2009 March-April by the H.E.S.S.
density, in turn, depends on the distance along the jet astezb telescopes (Abramowski etlal., 2013). During the MAGIC ob-
in Fig.[14. servations the source was in a high state in theyBy band,

The observational evidence discussed above (co-spabélit showing significant variability, but the VHE-ray light curve
y-ray and millimetre emission and transparency-td00 GeV does not reveal significant variability. This is in agreemeith
photons) allow us to locate the emission region outside ttR B the result of Abramowski et al. (2013).
but do not provide a clear upper limit for its distance. Wetfirs We performed a detailed multi-frequency study of the source
tried (casea) to reproduce the SED finding a solution whiclduring 2012 January-April extending for the first time froadio
minimises the distance from the central engine. The SEDds sto VHE y rays. In summary we find that:
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Fig. 15. SED of PKS 1516089 in 2012 February-April as observed by F-GAMMA and Matsa (magenta triangles), GASP-
WEBT (blue filled circles) Swift-UVOT and XRT (red filled circles)Fermi-LAT (black filled circles), AGILE-GRID (Flare-lI,
green triangles) and MAGIC (cyan, observed; red, EBL caedcLeft: The solid black curve shows the overall emission modelled,
where the low energy bump is dominated by the synchrotros&on (blue dashed line) and the high energy bump is dontdnate
by the external Compton mechanism, using the infrared tdong dashed line) photons as seed photons (@a3Jehe short dashed
line is the thermal component from the accretion diight: The black curve shows the model assuming that the emissiporre

is located at the radio core (cdse The orange dashed line shows the additional externabptfald representing the slow sheath
of the jet. The red dotted line indicates the synchrotrohGempton emission from this region.

Table 5. Model parameters for the two SED models

model Ymin b Ymax n n, B K R r

[G] [ecm™®] [10'®cm]
IR torus! 3 9e2 65e4 19 385 0.12 20 30 20
Sheath 800 7e3 5e4 2 34 1.3e-2 18 600 2.2
Spine 800 2.6e3 8e4 2 3.7 6.5e-3 25 510 20

Notes.The following quantities are reported: the minimum, breald maximum Lorentz factors and the low and high energy sdbfiee electron
energy distribution, the magnetic field intensity, the i@t density, the radius of the emitting region and the Ltréactor.® IR torus (external
photons for IC scattering provided by the IR toffisheath-spine (sheath providing the seed photons for thegng)

1. The HE and VHEy-ray spectra connect smoothly, there-
fore we conclude that VHE-ray emission and the Hizray
emission originate in a single emission region located out-
side the BLR. 4,

2. The VHEy-ray observations by MAGIC missed the times of
the hour scale variability observed in the htEay band and
the MAGIC light curve does not show significant variability
in daily or weekly time scales. However, the HEay vari-
ability indicates that within the larger emission regidrere

must exist more compact emission regions producing the fast

variability. The model of Marscher (2014), in which turbu-

emission scenario. We also identify severdB(O rotations

of the optical polarisation angle, which have been suggdeste
as relating to such evenis (Marscher et al., 2008).

The SED can be modelled with a one-zone external Compton
model for both studied cases, namely: the seed photons orig-
inating from the infrared torus and the seed photons origina
ing from a slow sheath of the jet. The latter model is favoured
if the VLBA core is as distant from the central engine as sug-
gested by Marscher etlal. (2010); Pushkarev et al. (2012).

However, there are other alternatives for the source of seed

lent plasma flowing at a relativistic speed down the jet arhjnotons and for the fast variability:

crossing a standing shock, would naturally lead to such be-
haviour. We note that, the fast variability could also exten
to the VHE y-ray band, even if the observations presented”
here did not detect it.

3. The common variability patterns seen in the fEay and
37 GHz light curves as well as the concurrent ejection of a
new component from the 43 GHz VLBA core support this
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Leon-Tavares et al. (2013) suggested that the relatijistic
could drag the broad line region clouds to greater distances

from the central engine and the VLBA radio core could be

surrounded by such clouds. This would be manifested by a
brightening of the broad emission lines in the optical mon-
itoring of the spectral lines. We have no such data for our
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