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ABSTRACT

Context. PKS 1510-089 is one of only a few flat spectrum radio quasadestds in the VHE (very-high-energy, 100 GeV) gamma-ray band.
Aims. We study the broadband spectral and temporal propertigeed?iKS 1510-089 emission during a high gamma-ray state.
Methods. We performed VHE gamma-ray observations of PKS 1510-088 thi¢ MAGIC telescopes during a high gamma-ray state in May
= '2015. In order to perform broad-band modelling of the soureehave also gathered contemporaneous multiwavelentghrdeadio, IR, optical
>< photometry and polarization, UV, X-ray and GeV gamma-ranges. We construct a broadband spectral energy distrib(8BD) in two periods,
*— selected according to VHE gamma-ray state.
© Results. PKS 1510-089 has been detected in a high optical and gamnstate, showing for the first time a significant VHE gammavanyabil-
ity. Similarly to the optical and gamma-ray high state of sloeirce detected in 2012, it was accompanied by a rotatidmeofptical polarization
angle and the emission of a new jet component observed in.r&itle spectral shape in the VHE band during the flare is sirtolahe ones
obtained during previous measurements of the source. T¢ex\adal flux variability sets for the first time constraintstioa size of the region from
which VHE gamma rays are emitted. The broadband SED can baiesg in the External Compton scenario.

v:1610.09416v1
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1. Introduction

PKS 1510-089 is a bright flat spectrum radio quasar (FSRQ) lo-

* Corresponding authors: J. Sitarek (jsitarek@uni.lodzpBecerra cated at the redshift af= 0.36 (Tanner et al. 1996). The source
Gonzélez, E. Lindfors, F. Tavecchio, M. Vazquez Acosta is one of only six objects firmly classified as an FSRQ from
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which gamma-ray emission has been detected in the very-hidis part of the data set wasfected by Calinfhwe have applied
energy (VHE,> 100GeV) range| (Abramowski etlél. 2013)a correction for the atmosphere transmission based on LIDAR
Moreover, one of the highest recorded apparent speeds of isfermation (Fruck & Gaug 2015).

perluminal motion, up to~ 46c, has been seen in the ultra-

relativistic jet of PKS 1510-089 (Jorstad etlal. 2005). Like .

many other FSRQs, the GeV gamma-ray emission of PKS 15192 Fermi-LAT

089 is stro%anableL(Ab@_eﬂdL_ZOlD;_&aﬂo_étLaﬁOl&érmi_|_A-|- monitors the gamma-ray sky every 3 h in the en-
). The doubling-time scales of the PKS 151Qrgy range from 20 MeV to beyond 300 Gemt al.
089 flares observed in the GeV range go down to/1h (Saitd e ). An analysis of the (publicly available) Pass 8 SOURCE
2013). _ class events was performed for a Region of Interest (ROI) of
Most of the FSRQs have been detected in the VHE gamm@&yr radius centered at the position of PKS1510-089. In or-
ray range during (usually short) flares (see, €.g., Albeatiet der to reduce contamination from the Earth Limb, a zenith an-
, LAlekst etal. [2011;] Ahnen et Bl._2015). Since 2013je cut of < 90° was applied. The analysis was performed
MAGIC performs regular monitoring of PKS 1510-089. Intefyjith the ScienceTools software package version v10rOp5 us-
estingly, until 2015, no variability was seen in PKS 1510808 ing theP8R2_SOURCE_Vé instrument response function and the
VHE gamma rays; neither in H.E.S.S (Abramowski et al. 2018)1_jem_v06 andiso_P8R2_SOURCE_V6_v06 modelf for the
nor in MAGIC QALQ_KSD_GI_QJLZQJ.M) Observatlons._ One shoul alactic and isotropic tliuse emissior‘mmlG)’ re-
note, however, that both VHE gamma-ray detections happergfctively.

during long periods of enhanced optical and GeV gamma-ray ap unbinned likelihood analysis was applied usitd ike,
activity. Hence no baseline VHE gamma-ray emission has b‘?ﬁEluding in the model all 3FGL source 015)
established so far from PKS 1510-089. within 20° from PKS 1510-089. The spectral indices and fluxes
~InMay 2015, a strong flare of PKS 1510-089 was observggére left free for sources within 10while sources from 10
in GeV gamma-rays by the Large Area Telescope (LAT) ag 20° have their parameters fixed to their catalog value. A
board theFermi satellite. The source showed also at this timgyst unbinned likelihood fit was performed for the events-col
high activity in optical (Jankowsky etfal. 2015; MirzoyanlZ) |ected within almost 4 months of data from March 22, 2015
and IR bandsl(Sameer ef al. 2015; Carrascoletal.| 2015). Thguly 19, 2015 (MID 57103-57223) in the energy range be-
high state triggered further MAGIC observations, whichied tween 100 MeV and 800 GeV. The sources with test statistic
the detection of an enhanced VHE gamma-ray activity from tites;:[Mattox et all 1996) below 5 were removed from the model.
source [(Mirzoyan 2015). In May 2016 another flare happenggxt, the optimized output model was used to produce the ligh
(de Naurois 2016; Mirzoyan 2016), with an even stronger VHgrves and spectra of PKS 1510-089 iffefient time bins (from
gamma-ray flux than in May 2015. The May 2016 flare will bg day to 3 hours) and energy ranges-{B0 MeV, E-1 GeV).
discussed in a separate paper. For the calculation of the light curves, all sources weredixe

In this paper we report on the observations of PKS 1510-0# model except PKS 1510-089 for which both the flux nor-
during the May 2015 flare. In Sectibh 2 we shortly introduee thnalization and the spectral index were left free and modated
instruments which provided multiwavelength data and descr a power-law. For the calculation of the spectral points,ddia
the data reduction procedures. In Secfibn 3 we present tihe nign also the spectral index of PKS 1510-089 was fixed to & be
tiwavelength behaviour of the source. Sectidn 4 is devatedfit value during the considered time period for which the spec
the interpretation of the data in the framework of an Externgal points are estimated. The normalization of the Gataatid
Compton model. The most important results are summarizeddatropic difuse emission models was left to vary freely during
Sectiorb. the calculation of both the light curves and the spectra.

Ale a
[\ AN A

2. Instruments, observations and data analysis 2.3. Swift-XRT and UVOT

During the May 2015 outburst PKS 1510-089 was observed bye multi epochs (16 individual pointings) event-list dbea
various instruments in a broad range of frequencies (from Y the X-ray TelescopeXRT) (Burrows et al. 2004) on-board
dio up to VHE gamma rays). In this section we introduce tHf Swift satellite during the period of May 11 to May 25, 2015

different instruments and data sets and explain the data anal(MdJD 57153-57167) with the total exposure time of 26.6 ks
procedure. were downloaded from the publicly available database table

SWIFTXRLOG Swift-XRT Instrument Log). The individual ex-
posures ranged from 0.6 to 4 ks. They were processed using the
2.1. MAGIC HEASOFT package version 6.18. All the observations frora thi

. . : eriod had been performed in photon counting (PC) mode. The
MAGIC is a system of two Imaging Atmospheric Cherenkofs}%urce region was defined as a circle of 20 pixed") ra-

Telescopes with a mirror dish diameter of 17m each. They @lts at the centre of the source, while the background region

Ik?é:iathetd O|fn %%%a% Iglz;r}d :(,)AI:I LE, IiDaImI aZ(ZQ“iiNa 5)17'550 VF\,?(Sa tltshleo_was defined by an annulus centered at the source with inner and
9 - ' ' outer radii of 40 £94") and 80 pixels{188"), respectively. The

089 is a southern source, only observable at zenith angie,
the corresponding trigger thresholdxs90 GeV m%l source and background spectra were extracted USBYECT

)’ about 1.7 times larger than for the low zenith olserv; Calima is a dust wind originating in Saharian Air Layer.

tions. 2,. http://fermi.gsfc.nasa.gov/ssc/data/analysis/
The MAGIC telescopes observed PKS1510-089 for Sgcumentation/Cicerone/Cicerone_LAT_IRFs/IRF_overview.

hours between 18 and 24 of May, 2015 (MJD 57160-57168}m1

The data have been analyzed using MARS, the standard analy- http://fermi.gsfc.nasa.gov/ssc/data/access/lat/

sis package of MAGIC (Zanin 13; Aleksit al[ 2016b). BackgroundModels.html
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task (v2.4c). The source spectrum count rate does not excgedwith the Monitoring AGN Polarimetry at the Llverpool Tele-
countgs in any of the observation epochs. Therefore, no pile-gpope (MAPLIT) program. Simultaneous observations in the
correction was needed. For the light curve analysis we hawe ¢ 'blue’, 350— 640 nm; 'green’, 650—760 nm; and 'red’, 770— Q00
bined 3 pairs of epochs (MJD 57157, 57161, 57163) separated passbands were taken using a rapidly rotating (once per 4
by ~2 hr. seconds) polaroid which modulates the incoming beam of ligh

The xrtexpomap task (v0.2.7) was used to correct the fluxn 8 rotor positions. For this work we use only the 650-760 nm
loss due to the fact that some of the CCD pixels were not usegasurements, which are the closest to the R-band used in the
during the data collection. Thertmkarf task (v0.6.3) took mentioned above polarization instruments. The beam isl&mu
into account vignetting and bad pixels. Theppha task was neously split by 2 dichroic mirrors into three electron ripiit-
used to group source spectra in a way that each bin contding CCD cameras (EMCCDs). The combination of the flux from
20 countsXSPEC task (v12.9.0i) was used to calculate the flushe 8 rotor positions using equations from Clarke & Neumayer
and power law model spectral parameters using fixed equival@002) can be used to find the linear Stokes parameters, which
Galactic hydrogen column density of, = 6.89x 10?°° [cm™2] were used to calculate the degree and angle of polarizaien.
(Kalberla et al. 2005). naly, additional optical polarimetric data are reportecelfeom

The second instrument on board tAeift satellite, the Ul- the 70cm AZT-8 telescope (Crimea) and the 40cm LX-200 tele-
travioleyOptical Telescope (UVOT, Poole et Al. 2008) was ussgope (St.Petersburg), both equipped with nearly idefiticeg-
to monitor the flux of the source in the 180—600 nm wavelengithg photometers-polarimetets (Larionov et al. 2008). Polet-
range. Following Raiteri et al. (2010) we used an iteratike p ric observations were performed using two Savart plategedt
cedure for the data calibration, where tHEeetive wavelength, by 45 relative to each another. By swapping the plates, the ob-
counts-to-flux conversion factor and Galactic extinctiondach server can obtain the relative Stokgsndu parameters from
filter were calculated by taking into account the filtéfeetive the two split images of each source in the field. Instrumepdal
area and source spectral shape. Out of the 16 pointings in fdézation was found via stars located near the object utider
investigated time period, 8 were taken with a full set of fdtéy, assumption that their radiation is unpolarized. The eleetctor
b, u, wl, m2, w2). For the SED modelling we used pointings grosition angle (EVPA) was corrected for the< 180° ambigu-
MJD 57160 (with u and w2 filters) contemporaneous with thity by minimizing the diference to the closest data point unless
MAGIC flaring state, and on MJD 57165 (all filters availabledhere is a gap of over 14 days.
during the post-flare MAGIC observations.

2.5. Infrared

2.4. ical ph larizati . . .
Optical photometry and polarization PKS 1510-089 is monitored by a number of IR instruments.

PKS 1510-089 is regularly monitored as part of the Tuorléle have used the publicly available data in B, V, R, J and K
blazar monitoring progrdfnin R-band using a 35cm Cele-bands from the Small and Moderate Aperture Research Tele-
stron telescope attached to the KVA (Kunglinga Vetenskapeope System (SMARTS) instrument located at Cerro Tololo
sakademi) telescope located at La Palma. The data analgsis lnteramerican Observatory (CTIO) in Chile. The data reduc-

performed with the semi-automatic pipeline using the stacd tion and calibration is described in_Bonning et al. (2012 W
analysis procedures (Nilsson et al. in prep). THedéntial pho- converted the magnitudes into flux units us et al.

tometry was performed using the comparison star magnitud898) and corrected for the interstellar dust absorptidiow-
from |Villata et al. (1997). The magnitudes were corrected fing/Schlafy & Finkbeiner|(2011).
the Galactic extinction using values from Schlafy & Finkire The observations at Teide Observatory (Canary Islands) wer
(2011). obtained with the 1.52m Carlos Sanchez Telescope (TCS), us-
The optical polarization observations were performed withing the near-infrared camera CAIN during the nights of MJD
number of instruments: Nordic Optical Telescope (NOT)wSte 57162-57174. This camera is equipped with a 5856 pix-
ard Observatory, Perkins Telescopes, RINGO3, AZT-8 and L¥ls NICMOS-3 detector providing a scale offiikel. Data were
200. The NOT polarimetric observations were done with Alacquired in the three filters J, H and Ks. Observations were pe
FOSC in the R-band using the standard setup for linear gormed using a 5-point dither pattern (repeated twice) deoto
larization observations (lambtaretarder followed by a cal- facilitate a proper sky background subtraction. At eacimpthe
cite). The data were analyzed using the standard procedithes exposure time was about 1 min, split in individual exposwfes
semi-automatic software aslin Hovatta &t al. (2016). TheStel0 s in the J filter and 6 s in the H and Ks filters to avoid satura-
ard polarimetric observations were obtained as part of an dion by sky brightness. Image reduction was performed wvhiéh t
going monitoring program of gamma-ray-bright blazars ip-sucaindr package under the IRAF environm@nbData reduction
port of theFermi missiofl. The observations were performed inncludes flat-fielding, sky subtraction, and the shift anchbe
the 5000-7000A band. The data analysis pipeline is degtrig#ation of all frames taken in the same dither cycle. Photdmet
in [Smith et al. [(2009). Polarimetric R-band observationsewecalibration was made based on field stars from the 2MASS cat-
also provided by the 1.8 m Perkins telescope at Lowell Obs@fogue [(Cutri et 8l 2003). The photometric zero point was de
vatory equipped with PRISM (Perkins Reimaging System). Tiermined for each frame by averaging thset between the in-
data analysis was done following the standard proceduresstigmental and the 2MASS magnitudes of the catalogue. Devia
in [Chatterjee et all (2008). Polarization observationsenaiso stars were excluded and typical errors remained below 5%.
taken with the RINGO3 polarimeter (Arnold etlal. 2012) on the We have also used IR photometry data obtained with a
fully robotic and autonomous Liverpool Telescope on La Ralm1.2m telescope of Mt Abu InfraRed Observatory (MIRO), In-
Canary Island$ (Steele eflal. 2D04) as part of the Liverpaatln  dia, mounted with the Near Infrared Camera and Spectrograph
monitoring campaign (seée Jermak et al. 2016), in collabmmat (NICS) equipped with 1024x1024 HgCdTe Hawaii array detec-
tor. The field of view is 88’ with a pixel scale of 0.5pixel.

4 http://users.utu. fi/kani/Im
5 http://james.as.arizona.edu/~psmith/Fermi 6 Image Reduction and Analysis Facilitytp: //iraf.noao.edu/
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The observations on PKS 1510-089 were performed With @ costours fmiybean] 23000 460001 920001 184000 365000 736001 147200 294400 588801 117760
position dither with &'sets of 30 arcsec, keeping the comparisc

star] 1, 2, 3, 4 and 6 in the field of the source. The sky ar 12”3'
dark contributions were removed using these dithered isag | | . 11.88
and aperture photometry was performed using standard prc fhe-  BERIRIEBS peane STARKE.
dures under IRAF (see Banerjee & Ashok (2012) for details
data reduction and analysis). The source magnitudes in dgH .
Ks bands were calibrated using correction factors obtairsed 101

11.03

10.18

9.34

ing weighted average of the standard values of comparisos s _ 5
mentioned above. . % 7.64
2 o5 — g 6.79
2.6. Radio E § 594
E o
Radio monitoring observations were performed with Metsihc E‘g ook |8 B
‘ £ 4244

Radio Telescope operating at 37 GHz frequency. The instntim
and data reduction procedures are describe 339
(1998) and Aleksi et al. (2014).
The quasar PKS 1510-089 has been observed withina si %3 1 7

ple of gamma-ray blazars that the Boston University (BUzata L7
group monitors with the Very Long Baseline Array (VLBA) ! i I ! I 085
approximately monthly at 43 GHz (the VLBA-BU-BLAZAR 05 0.0 0.5 -1.0 15 000
project). The observations of PKS 1510-089 are usually p Relative RA (mas)

formed during 9 short{ 5 min) scans within a span of 7-8 hours
The data were calibrated at the VLBA DiFX correlator and r'j;-@

duced using the Astronomical Image Processﬂs stem (Al lor scale) intensity images of the inner, pc-scale jePKS 1510—
and Difmap software packages, as described_in_Jorstad et 9 with the direction of polarization denoted by black Isegments

(2005). The calibrated data are available onlimea(. bu. edu/ (&contour levels are indicated on the top, polarized fluxIteaee shown

blazars/VLBAproject.htm). We analyzed the data obtainedy the color bar to the right). All images have been convolwitti the

from February 2015 to April 2016 (12 epochs). We mOdel%ime Gaussian beam, shown in the lower right corner.

the total intensity images by components with circular gaurs

brightness distributions. For each component we deteiine

flux density, distance and position angle (PA) with respethe variable systematic uncertainty estimate given in_Alelesial.

VLBI coreﬁv, and size. 43 GHz core is expected to be located2016b, rescaled to a softer source) we still obtain a smalkeva

the distance 0f-6.5pc from the central engine of PKS 1510-6f chance probability of 2x10-*for the flux to be constant. The

089 (see Pushkarev et al. 2012; Aleékst al.l 2014). A map of flux during Period A is~ 5 times larger than the one observed

the parsec scale jet of the quasar with 20 stacked images algring the previous detection by MAGIC in 2012 (Aleksit al.

6 years of VLBA observations at 43 GHz is shown in . 1 {8014). In the following observations during Period B, the &/

reveal the structure of a quiescent radio state. The imagwssh gamma-ray flux decreased to a level consistent with the tietec

the VLBI core, which is the brightest compact feature lodate in 2012.

the southeast end of the jet, and the extended jet at-F2(°. In order to search for a possible short time variability we
binned the light curve during the Period A into 20 min bins
(see Fig[B). No variability is detected at such a time sdaile.

3. Results ting the light curve with a constant flux hypothesis we obtain

> . ; 2 .
. . . /Ngot = 5.9/7. We estimate the maximum variability which
In Fig.[d we show the multiwavelength light curve of PKS 151OXhan be hidden by the uncertainties of the measurement by com-

&%%d;;Tngél\l/l?z i?)ﬁgvaﬂg)%zt ég;g?vg\i/gsg%?t&igelgbsvséuting for each 20 min light curve bin a 95% C.L. interval oa th

define two observation periods: Period A (MJB7160-57161) UX using| Rolke et &1. (2005) prescription. We include a 20%

and Period B (MJB57164-57166). The multiwavelength SEDvarl_able systematic uncertainty in those calculatlons.cBy\—
paring the least constraining upper edge of the 95% C.Lniate

of both periods is investigated. with the average flux from those two nights we obtained that th
flux did not increase by more than a factor 3.5 on time scales of
3.1. MAGIC 20 min.
For spectral analysis we have combined the two nights of Pe-

The MAGIC light curve (see top panel of Figl 2) shows CleEHod A. The obtained VHE gamma-ray spectrum of PKS 1510—
variability, with the highest flux observed during the twalis a9 i shown in Figll4. Itgcan be dgscrr)ibed by a power law.
of Period A. The hypothesis of constant flux during all 5 ObseﬂN/dE ~ £ (E/200 GeVy“[cm2s L Tev-1, with f = (1962 :
vation nights of MAGIC can be clearly rejected, with a chanc‘(gz.‘_-)k-)sw1t+ 0.36s) x 1010 anda = 4.59 = 0’75stm The épe::-

o s : ; . + 0. = 459+ 0. :
probability of 77 x 10°°. Even allowing for a 20% variable o "yarameters are obtained using a forward folding method
systematic uncertainty on individual night fluxes (motadby (Albert et al. 2007). The statistical uncertainty on thecsps
7 https://www. lsw.uni-heidelberg. de/projects/ index is much larger than the typical systematic uncenaint
extragalactic/charts/1510-089.html of £0.15 of the observations performed with the MAGIC tele-
& PA is measured starting from the positive direction of Deation SCOpes. The systematic uncertainty on the flux normalizatio
axis (PA= () increasing in the positive direction of Right Ascensiofloes not include the uncertainty of the energy scale of MAGIC
axis (PA= 90°) which for this data set we estimatea49%, slightly larger than

. 1. A stacked map of 43 GHz total (black contours) and polarized
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Fig. 2. Multiwavelength light curve of PKS 1510-089 during the Mays 15% given in Alekst et al. (2016b), due to the need of LIDAR
2015 flare. From top to bottom: Nightly gamma-ray flux above B8V correction of Calima-fiected data. Correcting for the absorp-
from MAGIC (the dashed line shows the average emission in Fefion of TeV gamma-rays due to the interaction with the extra-
Apr 2012,.|m4);Fermi-LAT flux above 0.1 GeV in 6h ga|actic background ||ght accordingllo_QQmiﬂgu_ez_éﬂ_all@O
binning, and the corresponding spectral index (the dasinedshows mqgdel, an intrinsic spectrum with normalization Gfeaps =

the average emission from the 3FGL catalog, Acerolét allp0d-Bay (4.2::1.Ocgagt0.766,6)x 100 and indexrdeaps= 3.17:0.80zare

spectral flux (filled circles) and spectral index (empty leisy measured : : : :
by Swift-XRT; polarization percentage and polarization angle mesbs obtained. The spectral shape is marginally consistentwiit

by NOT, Steward, Perkins, RINGO3, AZT-8 and LX-200 (see fete large uncertainties) with the previous measurements bySHE
optical emission in R band (KVA, SMARTS) and UV emission in-w2(0bserved slope.8 + 0.7sa £ 0.3syss IAb-Lam-OQQLS-KLe-LdlLZQ:L?’)
band @wift-UVOT); IR emission in J band (SMARTS, MIRO-NICS, and MAGIC (intrinsic slope 2 + 0.6sa, /Aleksic et al: 2014).

TCS); radio observations by Metsahovi at 37 GHz. Data fronupRo For comparison, we have also reconstructed the average flux
UV are corrected for the Galactic absorption. The red and bhaded from the MAGIC measurements performed during Period B. The
regions show the Period A and Period B, respectively, forctvtihe

spectral modelling is performed. Article number, page 5 ¢f11
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combination of weaker emission and observations performed
during higher atmospheric transmission results in the gner
range of the reconstructed spectrum shifted to lower eegrgi
The observed flux in Period B is at a similar level as the one
detected by MAGIC in 2012. We obtained the observed and in-
trinsic VHE spectral slopes of PKS 1510-089 during Period B
of 4.75+ 0.625zrand 433 + 0.75g5c respectively.

N w
LS RERRRRERL
|

3.2. Fermi-LAT

The GeV gamma-ray flux of PKS 1510-089 is highly variable E E
in the investigated period. A few individual flares are vigjb 2F 3
with time scales of a few days. Due to the short-term gamma-ra £ E
variability, in order to get a spectrum comparable to the MBG af
observations, for SED analysis we selected the events\saser -4 -3 2 1

by the LAT within 6 h centered in each of the MAGIC observa- Log (Frequency [day™])

tions. We have calculated two GeV spectra, which COIreSPORA 5 power Density Spectrum normalized to variance per frequenc

to the two diferent stf'ites Qf the source contem_poraneouslyl} it for the mission longrermi-LAT light curve (black) and for the 2015
the MAGIC observations in Period A and Period B, respegare epoch (magenta).

tively. The best description of the GeV spectrum measurdtdy

LAT in Period A is a power-law with spectral index 220.07

and a flux above 100 MeV of (6:8.5)x10®phcnt2s? limited observation length lead to a large uncertainty m@DS
(TS = 842). During Period B, theFermi-LAT measured at the lowest frequencies.

spectrum is best described by a power-law with a simi-

lar spectral index of 2.1#0.08, but significantly lower flux, ,

(3.7+0.3)10%phcnt?s ! (TS = 564). For comparison, the 3-3 SWift-XRT

3FGL flux above 100 MeV is (0.90.01x10°phcnt?s™  The X-ray flux, measured b§wift-XRT, shows a gradual de-
(Acero et al( 2015). Therefore PKS 1510-089 has reached a fg@ase of the observed flux during the studied period. Except
tor of ~ 7 to 4 times its average flux over the first 4 years @by the first point at MID 57153.6, which happened before the
Fermi-LAT observations during the two epochs for which thgyg |arge Fermi-LAT flares the X-ray flux can be much bet-
spectral analyses has been performed. The GeV flux was, h@¥-described by an exponential decling/Nuor = 22.6/10)
ever, still a factor of about 2 smaller than the daily peak flukan a constant valug?/Nger = 47.3/11). Similarly, the corre-
observed in 2011 (Saito etlal. 2015). TRermi-LAT spectrum  sponding X-ray spectral indicies are better described fiyeat
during both Period A and B was slightly harder than in the heigsoftening of the spectrumy®/Ngor = 41.0/10) than a constant
bouring days (see also Sect[on]3.5). In the case of Periogi® th(y2/Neor = 49.9/11).
is a weak hint of a spectral curvature. The likelihood ragist t The flux is marginally higher during MJD 57156-57162,
gives 280" preference ATS = 8.0 for one additional degree of\ynen a broadrermi-LAT flare happened. XRT observations on
freedom) of the log-parabola shape over the power-law spggip 57166-57168, during the next bro&ermi flare did not
tral model. The corresponding photon index can be describgthy a clear increase of the X-ray flux. For spectral analy-
as (205+ 0.10)+ (0.21+ 0.09)x In(E/0.45 GeV). sis we combined the 4 pointings taken during Period A, each
To characterize the variability in thfeermi-LAT light curve of them being 6-8hr distant from the MAGIC observations.
we calculated the Power Density Spectrum (PDS) both for tiiae X-ray spectrum in Period A can be marginally well de-
2015 flare epoch (MJD 57143.9375-57182.9375) with a 3 h biseribed §?/Ngor = 71/53) with a power law with an index
ning as well as for a mission lifetime at the time of the anialysof 1.48 + 0.05. Swift-XRT observations performed during Pe-
(MJD 54682.655-57484.655) with 1 day binning. In both casesd B resulted in a spectrum which can be well fitted with
the flux calculation was performed in the 0.1-800 GeV energypower law with a significantly softer index of7D + 0.04
range. with ¥?/Ngor = 110/89, or by a curved spectrum with an in-

The estimated white noise level, based on the data error of 223 + 0.14 — (0.366 + 0.093) x log(E/0.3keV) with
ues was subtracted from each PDS. The PDS is rebinned in lsg™Ndor = 96/88.
arithmic frequency intervals, and normalized to varianeefpe-
quency unit dividgd by the square of thg mean flux. The PDS, IR, Optical and UVOT
level, computed with such normalization, is similar for 65
flare and for the mission lifetime light curve (see Hi§. 5)isTh The optical emission of PKS 1510-089 during the investigjate
suggests that the fractional variability is the same andwypre period is clearly variable (with a factor 2ftérence between the
ably driven by the same variability process. The shape of tlwvest and highest flux). The optical variability does noicsly
overall PDS can be described by a power law for frequenciedlow the gamma-ray one. In the optical R-band, and to eless
above 0.01 day. A power-law fitted to the 0.007-0.5 dayfre- extent also in UV w2-band, the flux was slowly raising through
guency range PDS gives an index of 1+@.07 for full data set out May 2015. Similarly as in the optical range, the IR flux dou
and 0.9% 0.30 for the 2015 flare. The uncertainty value of theled in a~ 8 days time before Period A. At the end of the obser-
fitis based on the scatter of the measurements with respte tovation period it returned to the pre-flare state.
fitted line only and therefore may be underestimated. Thespow Throughout the investigated period, a smooth rotation of
law index is similar to that of other FSRMﬁQt abptical EVPA by~ 100 is happening. The rotations of op-
[2011). The stochastic nature of the variability togethéhwlie tical polarization angle accompanied also the 2009 and 2012

Log (rms?/(mean? frequency unit))
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separation epoch &€15 and its uncertainty. @) 1 Feb 2016

mma-ray flaring states (Marscher etlal. 2010; Aleksial.

). However, the rotations of the EVPA seem very com-
mon in PKS 1510-089, e.g., recent work by Jermak let al. (2016)
identified a rotation also in the 2011 data, therefore furtiaa
are needed to firmly associate them with the emission of VHE
gamma rays. The low percentage of polarization seems to be
typical for this sourcel (Jermak et/al. 2016). Indeed, duReg
riod A the polarization percentage is low 6%). It triples be-
tween the period A and B. Also in the few days before the
Period A (i.e. during the raising part of tieermi-LAT flare
that culminated with detection of VHE gamma-ray emission
by MAGIC) a higher polarization was observed. The polariza-
tion behaviour during the 2015 flaring period agrees with twha
one would expect from a knot following a spiral path through a
mainly toroidal magnetic field (Marscher et lal. 2010). Areglt ! e
native explanation might be the light travel tim@eets within an K15 'Core
axisymmetric emission region pervaded by predominatelly he Lol b b b
cal magnetic fieldlﬁ@ 15). The evolution of the po
larization is probably further complicated by superpositof 05 00 -05 -1.0

individual flares seen ifkermi-LAT. -
Rel RA Milliarcseconds

19 Mar 2016

23 Apr 2016

3.5. Radio Fig. 7. Total intensity images of PKS1510-089 core region at 43 GHz,

. S x . jth a global peak intensity ofpe = 3.566 Jybeam and 0.15 mas
PKS 1510-089 shows moderate variability in Metsahovi obs HM circular Gaussian restoring beam (bottom right cyclEhe

vations performed at 37 GHz in May 2015. The sampling iSe|ig and dashed lines designate positions of the VLBI cokkal5
however, rather sparse, and especially the local peake @&V  gspectively across the epochs.
flux are mostly not covered by the observations. The observa-
tions on MJD 57161, during Period A are burdened with a larger
uncertainty due to adverse atmospheric conditions. activity in Fermi-LAT close to the time 0K 15 separation (note
Fig.[d shows the light curve of the core from February 201&g. the hard flare on MJID 57245 in Fid. 9). Interestingly, the
to April 2016. The light curve reveals a significant graduml i position angle oK15 is~+50°, while the typical projected di-
crease of flux in the second half of 2015 that is most likely-conection of the pc-scale jet is —30° (see Fig[lL), along which
nected with a disturbance (knkitL5) detected in the VLBA im- so far 7 knots have been observed (seele.qg. Jorstad et al. 2005
ages starting in December 2015 (Fif. 7). KKd5 is bright and |Aleksic et all 2014). On the other hand, kit 1, ejected in Oc-
relatively slow, with an apparent speggh,=5.3+1.4 c. Accord- tober 2011 (before the 2012 VHE outburst), had a similar PA to
ing to currently available data, the knot was ejected on MJDe one observed now fd€¢15 close to the core, but turned to-
5723052 (see Fig[18). A similar behavior has also been olard the usual pc-scale jet direction a few months later. @ie n
served during a high gamma-ray state in Feb-Apr 2012, whératK 15 is a factor of a few times slower th&11, and so may
the emerging of a new radio knak{2) from the core was as- eventually follow a similar trajectory. The slower appargpeed
sociated with a VHE outburst (Alekset al.| 2014). The large and brighter flux ofK15 suggest that the velocity vector of this
uncertainty in the ejection time ¢&€15 does not allow us to as-disturbance is closer to the line of sight thiét1, causing it to
sociate it firmly with a particular GeV flare, as the sourcergtd have a higher Doppler factor.
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s o t ; Fig. 10. Multiwavelength spectral energy distribution of PKS 15089
25 ettt gt o E . 4 . in Period A (red symbols) and B (blue symbols). The red andthe
. ' i *" S curves report the result of the emission model for the twdoplsr The
%7 5750 57200 57250 — %5700 black dashed and long-dashed lines show the adopted emfssithe

accretion disk and the dusty torus, respectively. For coispa, the
dashed gray line shows the model derived for the SED in 20b2n(f
[Aleksic et al 2014).
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seen from PKS 1510-089 in 2011 placed the emission region at
the distance of @ — 3 pc from the black hole, with the EC pro-
cess happening on a mixture of BLR and DT radiation fields
m% 5). A similar location-(1 pc distance from the
black hole) with EC mainly on DT was invoked to explain the
Fig. 9. Fermi-LAT light curve above 0.1 GeV (top panel) binned in 3high optical and gamma-ray state observed in the beginrfing o
day intervals and the corresponding evolution of spectidéx (bottom 5012 [Alekst et al. 2014). The broad-band emission could be
o s 250 explained by @ much more disaniZ0 p) egion for a >
sepg'ration time gray y zone model in which the jet consists of the inner spine androut
' sheath layer (Aleksiet al. 2014; MacDonald et al. 2015).

In Fig.[10 we present the two spectral energy distributions
of PKS 1510-089 constructed from the data taken in Period A
and Period B, corresponding to high and low gamma-ray flux,
The gamma-ray emission of FSRQs is usually explained as tespectively. As can be seen, most of the flux variatioa factor
effect of the inverse Compton scattering of electrons on a ra@f-2—3) occurs in théermi-LAT and MAGIC bands. The low-
ation field external to the jet (see, elg___‘_G_h_LSﬂmt_ﬂlm) energy flux (optical, X-rays) is almost constant betweertte
the so-called external Compton (EC) scenario. The radiatiperiods. Remarkably, the high energy peak during the paiod
field can originate from the accretion disk, broad line regidias a very similar level to the 2012 high state, in spite of the
(BLR) or the dust torus (DT). This scenario has been appli#fd—UV emission being a factor of 3 higher.
to explain the emission of PKS 1510-089 in its previous flar- We model these SEDs of PKS 1510-089 in the framework of
ing episodes (Abdo et Al. 2010). The origin of the radiatietdfi the same one-zone model as discussed in Abebtsal. (2014).
is closely connected with the location of the emission regioTo explain the sub-TeV emission observed by MAGIC we as-
Moreover, the observed VHE gamma-rays escaping from th@me that the emission region is located beyond the BLR sadiu
emission region suggest that the emission region is loaaied where the external photon field is dominated by the thermal IR
side the BLR in order to escape the absorptionebg™ pair radiation of the DT.

s N
o NN
[l

4. Modelling of the spectral energy distribution

production process on BLR photons (Abramowski ét al. 2013; Assuming the same disk luminosit{gisk = 6.7 x
Aleksic et al. 2014). Dotson etlal. (2015) investigated the 2009*° erg s' as in[Alekst etal. (2014) the scaling law of

GeV flares of PKS 1510-089 using the energy dependenceGifisellini & Tavecchibl(2009) allows us to infer a BLR radius
the flare decay time as the diagnostic for the emission zone ¢ Rg g = 2.6 x 107 cm. We fix the distance of the emission
cation. They claimed that two of the flares happened arousd tegion from the base of the jet to= 6 x 10!’ cm. The emission
distance of the DT, while the other two came from the vicinityegion is filling the whole cross section of the jet, which &or
of VLBI core. On the other hand, the modelling of GeV flareassumed jet semi-aperture angle= 0.1rad results in the emis-
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Ymin b YVmax n n B K sion might be produced by the high energy electrons swept wit
11 [2] [3] [41 [B] [6] [7] the flow farther along the jet (up to a few pc from the base of the
A 2 800 6x10* 19 37 023 14x1C° jet). In those regions the external radiation field densituld
B 1 980 35x10* 20 38 032 13x103 be too low to diciently produce high energy photons via in-
verse Compton process, turning synchrotron emission heo t
Table 1. Input model parameters for the models of epochs A (MJ ominant radiation process. In spite of adiabatic energy_de_
57160-57161) and B (57164-57166) of PKS 1510089 in[Eiy[10. at eleqtrons can fier, the total observed synchrotron radiation
[2] and [3]: minimum, break and maximum electron Lorentadacj4] Might still slowly increase due to aggregation of electriyos
and [5]: slope of the electron energy distribution below abdvey,. Multiple individual flares. In fact, if the electrons reable radio
[6]: magnetic field [G]. [7]: normalization of the electroisttibutionin core (and beyond) located at the distancelgf. they could be
units of cnts, responsible for the emission of a new radio knot. The sejoarat
time of such a knot from the core could be estimated to occur
(1 + 2)deore/(COT) = 21(deore/6.5pC)E/25)1(I'/20) L days after

i _ ) 6 ) .. thegamma-ray flare. We encourage further trials of modgdtin
sion region radiu® = 6 x 10'° cm. Such size of the emissionhe ohserved high state with scenarios employing emission f
regionisin _I|ne, for moderate valuc_es of the Doppler_ facmth larger length of the jet than a single active region.
the constraints set by the few day time scale variabilityeobesd
by MAGIC.

The apparent superluminal motion of radio component K15

puts limits onI" > 5. The large uncertainty in the separatio®. Discussion and Conclusions

time from the radio core does not allow us to firmly associate .
such limits with the speed of the emission region respoasittSing the MAGIC telescopes data we have detected enhanced

for the emission in investigated periods A and B. Moreovef /E gamma-ray emission from the direction of PKS 1510-089
the apparent speed is measured over a much longer time scH&Ng the high optical and GeV state of the source in May 2015
during which the emission region might have decelerated. GriS the first time that VHE gamma-ray variability was detstt
the other hand the beaming of the emission is constrained 'gjthis source. The spectral shape is, however, consisiétin

the observed luminosity of the dominating high energy pﬁak.the statistical uncertainties with the previous measuramef

can be estimated dsec = %rTTCUéxtne(yz)V54, whereU’, is the source. During May 2015 the. IR through UV data showed
the energy density of the external radiation field measunedd 9radual increase of the flux, while the flux in the X-ray range
the frame of reference of the blohs is the number density of Was Slowly decreasing.

the electronsy = 4/37Re is the volume of the emission region ~ The May 2015 data revealed, similarly to the 2012 data, that
measured in its own frame of reference ahis the Doppler the enhanced VHE gamma-ray emission occurred during the ro-
factor of the blob. The average squared Lorentz factor of tkaion of the optical polarization angle. Also, similarly other
electrongy?) can be approximated as if the distribution starts gamma-ray flares, an ejection of a new radio component was ob-
from ymin ~ 1 and follows an index of 2 up to the breakyf. served, however, with an unusual position angle. This sstgge
Assumingl” ~ ¢ the total kinetic power of a jet composed of coldhat the association of VHE gamma-ray emission with roratio
protons with number density of, is Pje; = TR?n,m,c32. Com- of EVPA and ejection of a new radio component might be a com-
bining the two formulas, for a jet withe ~ n, we obtainP,; = Mon feature of PKS 1510-089.

1.3Lec (UL, /0.1erg cm®)(y,/10%) 1 (R/10Yem)(r/10) 2. The source was modelled with the External Compton sce-
The observed luminosity of 4 x 10*’ergs? of the EC peak nario. The evolution of the state of the source from the VHE
requires the jet Lorentz factor to be at least 10 even for #se c gamma-ray flare to a lower emission (at the level of 2012 high
of Pjet = 10Lgisk- For the modeling we apply the same valuestate reported in_Aleksiet al. 2014) can be explained by rel-
as used i Aleksiet al. (2014) for the jet bulk Lorentz factoratively small changes in the conditions of the plasma flowing
I' =20 ands = 25. through the emission region. The presented scenario issVew

Having fixed these values, the free parameters of the mo@&ly one possible solution. As discussedlin Alékest all 2014, if -
are only the intensity of the magnetic fighland those describ- We assume that the VHE flaring is indeed connected to the ejec-
ing the electron energy distribution (assumed to follow asth tion of the new component (in this cage5) from the VLBA
broken power law), namely the minimum, break and maximug@re and the rotation of the optical polarization angle, otid
electron Lorentz factorsyfin, v» andymay) and the normaliza- b_e natural to assume a s_lngle emission region located far out
tion K. Hence, the observed variability according to this scenagide the dusty torus. In this case the seed photons couldose pr
is caused by changes in the conditions of the plasma flowikigled by the sheath of the jet and this scenario has been shown
through the shock region. The values of these parameterstgeprovide feasible description of the previous flaring dmoc
quired to reproduce the SEDs are reported in Table 1. In fa@f,PKS 1510-08 et al| 2014; MacDonald et al. 2015).
the diference in the emission between Period A and B can hee VHE gamma-ray variability with time scateseen during
explained with a relatively small change in the fit parangtethe 2015 outburst puts constraints on the size, and therafso
mainly a slightly stronger magnetic field and lower maxinal e on the location of the emission region. Assuming that thaespi
ergies of the electrons. of the jet fills a significant fraction of the jet (as_.

The model discussed here has some caveats. As typicaiji4). the location of the emission region cannot be farthe
happens in blazar modelling, the radio points overshoot tHe= 7dc/ ((1+Z)9j) = 2.7(t/3days)§/25)(,/1°) " pc. There-
model line, which has a strong low energy dtitdue to syn- fore, for placing the emission region at the radio core a high
chrotron self-absorption. This emission is normally ekpdd to Doppler factor and a narrow jet are needed. In fact such low
occur from much larger regions farther along the jet. Moezowalues of the jet extension, @+ 0.2)° (Jorstad et al. 2005) and
the variations of the optical emission occur on longer ticses  0.9° (Pushkarev et al. 2009) at the radio core are reported by the
than the flares observed in GeV. Hence, additional opticéd-enradio observations. Alternatively, the inner spine can heim
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narrower than the whole jet, as suggested by MacDonald etaxksic, J., Ansoldi, S., Antonelli, L. A., et al. 2016, Astropaté Physics, 72,

(2015).

To further study the connection of VHE emission with event$ 7

in lower frequencies, long-term monitoring data are neetet]

this question will be addressed in a future publication.hWi
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