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ABSTRACT

We present a multiwavelength radio study of the nearby galaxy pair Arp 269
(NGC 4490/85). High sensitivity to extended structures gained by using the merged
interferometric and single dish maps allowed us to reveal a previously undiscovered
extension of the radio continuum emission. Its direction is significantly different from
that of the nentral gas tail, suggesting that different physical processes might be in-
volved in their creation. The population of radio-emitting electrons is generally young,
signifying an ongoing, vigorous star formation — this claim is supported by strong mag-
netic fields (over 20 uG), similar to the ones found in much larger spiral galaxies. From
the study of the spectral energy distribution we conclude that the electron population
in the intergalactic bridge between member galaxies originates from the disk areas,
and therefore its age (app. 3.7-16.9 Myrs, depending on the model used) reflects the
timescale of the interaction. We have also discovered an angularly near Compact Steep
Source — which is a member of a different galaxy pair — at a redshift of approximately
0.125.

Key words: galaxies: mapnetic fields — galaxies: individual: NGC 4490, NGC 4485
— galaxies: pairs: individual: VV 030, Arp 269 — pgalaxies: interactions — intergalactic
medinm — radio continuum: galaxies

1 INTRODUCTION

Among the diversity of forms that intergalactic structures
can adopt, glant gaseous tails and streams accompanying
galaxy interactions constitute one of the most impressive
phenomena. Widespread, dense and wide, they are able
to transport matter tens of kiloparsecs away from the

are collisionally coupled to (see eg. Mestel & Spitzer 1956,
or Mouschovias & Paleologou 1981 and references therein).
Therefore, it might be expected that the neutral gas tail
can be accompanied by a magnetised outflow. Ability to
transport gas far away from the intra-system medium gives
a possibility that also the magnetic field — frozen into the
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B NMPUTNUBHDbIX XBOCTAX U NMNepemMblid4Kax MOXKET
cywectBoBaTb MoJsie, BMOPOXeHHOE B lNa3.

[TonCcK HeTennoBOro n3ny4yeHMa n namepeHue H-
nonAa B cucteme Arp 269, rae “the interaction is just
started”.

Habnopenusa:Effelsberg+ VLA+GMRT

Ha paae yactoT 0.61-22.4 GHz. (coyeTaHue
BbICOKOM YYBCTBUTE/IbHOCTU C BbICOKMM
pa3spewieHnem). PazgeneHme Ha TENJI0BOE U He-
Tennosoe PU.
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Figure 1. Merged VLA Effelsberg map of the TP emission at 4.86 GHz overlaid upon an RGB image, with positions of the
discussed in this paper indicated. The contour levels are 3,5, 10, 25, 50, 100 x

level). The angular resolution is 10 arcsec. The

33 uJy/beam (first contour at 2

2.5 times the r.m.s. noise
d by a circle in the lower left corner of the image. Details of the maps
used to produce this RCB composite can be found in the text (Sect. 3).

beam is represente




Daclination {J 2000}

Ha pa3HbIX YaCTOTaX ra1akTUKa
BbIrAAUT NO pa3HOMY

a5 1]
Right ascension [J2000)

ic) Effelsberg+ VLA map at 4.86 GHz. The r.m.s. noise level
is 40uly/ beam.

Daclination |I2000)

(d} Effelsberg+ VLA map at 8 44 GHz The roms. noise level
is 55udy/ beam.
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XBocTbl HI +
He-tennosoe PU.
XBOCT — HE-
NPUNUBHON?

Declination (J2000)
8

30

25

123130 15 00 3045 30 15 00 2945
Right ascension (J2000)

Figure 5. Contours of the 4.86 CHz radio emission superimposed
on the neutral hydrogen distribution map from Swaters et al.
(2002}, taken from the NED database. The contour levels are
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Figure 4. Fitted Jaffe-Perola (dashed line) and Continuous Injection (solid line) model curves for the various region



Region ONTH BTtoT Age (JP)  Age (CI)
Gl [Myr] [Myr]
Total 0.70 21.9 +£ 2.9 2.4—-57 3.8-14.9
Sm. Disk 0.71 21.5 + 2.8 2.9-6.5 3.9-15.1
NGC 4485 0.80 15.5 £+ 2.0 < 7.8 < 23.5
Bridge 0.72 18.3 + 2.0 3.7-79 45 -16.9
N-Arm 0.56 25.5 +£ 3.5 0.4—-49 0.6 —15.1
Center 0.51 39.3 + 5.4 < 1.4 < 2.8
E-Edge 0.76 21.7 +£ 2.8 < 2.4 < 4.7
W-Disk 0.61 26.0 £+ 3.5 < 2.0 < 3.7
W-Edge 0.84 18.2 + 2.3 < 4.7 < 6.8




OCHOBHbIe pe3ynbraThl

MolHoe paanon3ny4eHmne rnaBHom ranakTmkm — pesynbrat
HeJaBHO Ha4yaBsLLeKcs BCnblWwKu SF.

PagnounsnydyeHue 3a npegenamm ranakTMKM UCXOAUT He U3
XBOCTOB, a U3 obnacTten, npuneratoWmx K ralakTUKe, U
BbITAHYTbIX NepneHAnKYyAapHo xBocTam. Mpupoaa Bbibpoca
KaK 1 Npupoaa XBOCTOB, He 04YeHb MOHATHA.

N3mepeHOo MmarHUTHoe nose B raakTukax. OHO- HeEOObIYHO
cunbHoe (22 muG). NprUYrMHa — UHTEHCUBHOE
3Be34006pa3oBaHue. Bo3pact — HecK. Myr.

B nepemblyke umeeTcs Nosie, BO3PacT 3/1eKTPOHOB

HU3KNIN, N COOTBETCTBYET BPEMEHW aKTUBHOTIO
B3aumogaemncrema (meHee 17 Myr).
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ABSTRACT

We present the detection. performed with the Westerbork Synthesis Radio Telescope (WSRT) and the Karl Jansky Very Large Array
(VLA). of a fast HI 21cm outflow in the ultra-luminous infrared galaxy Mrk 231. The outflow is observed as shallow H I absorption
blueshifted ~1300 kms™! with respect to the systemic velocity and located against the inner kpc of the radio source. The outflowing
gas has an estimated column density between 5 and 15 x 1087 <pin cm 2. We derive the T <pin T0 lie in the range 400 — 2000 K and the
corresponding HI densities are gy ~ 10 — 100 em™. Qur results complement previous findings and confirm the multiphase nature
of the outflow in Mrk 231. Although effects of the interaction between the radio plasma and the surrounding medium cannot be ruled
out, the energetics and the lack of a clear kpc-scale jet suggest that the most likely origin of the HI outflow is a wide-angle nuclear
wind. as earlier proposed to explain the neutral outflow traced by Nal and molecular gas in this source. Our results suggest that an
HI component is present in fast outflows regardless of the acceleration mechanism (wind vs jet driven) and that it must be connected
with common properties of the pre-interaction gas involved. Considering the observed similarity of their column densities. the HI
outflow likely represents the inner part of the broad wind identified on larger scales in atomic NaI. The mass outflow rate of the HI
outflow (between 8 and 18 M, yr!) does not appear to be as large as the one observed in molecular gas. partly due to the smaller
sizes of the outflowing region sampled by the HI absorption. These characteristics are commonly seen in other cases of AGN-driven
outflows suggesting that the HI may represent a short intermediate phase in the rapid cooling of the gas. The results further confirm
HTI as a good tracer for AGN-driven outflows not only in powerful radio sources. We also obtained deeper continuum images than
previously available. They confirm the complex structure of the radio continuum originating both from the AGN and star formation.
At the resolution obtained with the VLA (~1") we do not see a kpc-scale jet. Instead. we detect a plateau of emission. likely due
to star formation. surrounding the bright nuclear region. We also detect a poorly collimated bridge which may represent the channel
feeding the southern lobe. The unprecedented depth of the low-resolution WSRT image reveals radio emission extending 507 (43
kpc) to the south and 20” (17 kpc) to the north.

Key words. galaxies: active - galaxies: individual: Mrk231 - ISM: jets and outflow - radio lines: galaxies
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1. Cold gas and fast, massive outflows the main open questions is the presence of large amounts of cold
gas participating in these multi-phase AGN-driven outflows.

06

AGN-driven outflows have recently attracted considerable at- - _
\O> tention for their potential impact on galaxy evolution because Different mechanisms have been proposed to acceler-
~ they may play an important role in regulating star forma- at¢ 'th'elgas. T_l},e 111051t w11dely COI]SI_C.lﬂEd are md‘;-‘ang le:
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Mrk231

* Bamkanwmi kBasap (V=12600 km/c).
Merger. AGN. ULIRG (SFR=160Ms/yr).
YKe obHapyKeHbl:

molecular gas mass outflow ( 50-1000 Ms/yr within
1 kpc), Na | outflow (up to 3 kpc from the centre),
wunpokun blueshifted component Hl in absorption.

JIoKanmnsauma He ACHa.

Radiosource — MOWHOCTb NPOMEKYTOYHAA MeXAay
cendeptamu U paauorasakTMkamu.. boictpas
nepemMeHHOCTb.



[1Ba mexaHu3ma outflow:

Wind-driven outflow (tennosasa nnasma _
[aBNeHne paamaumm)

Radioplazma (jet) emanating from AGN.
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Fig. 1. Overview of the radio continuum structures of Mrk 231 ranging from tens of kpc to the inner tens of pec regions (at the distance of Mrk 231
1" corresponds to 0.867 kpc). The images. taken from Ulvestad. Wrobel. & Carilli (1999): Carilli et al. (1998); Taylor et al. (1999) (©AAS.
reproduced with permission), show the presence of different structures, see text for details. The disk-like structure (Panels 2b) aligned almost E-W
has been detected after the subtraction of the brighter nuclear structure (Panel 3). For details. see description in the text.



HoBble HabnoaeHUA

WSRT. 12”x10”.
VLA 0.9”0.9” HI outflow. FWHM= 837 km/s.
[MonoxeHue: B npegenax 1 Knc ot sapa.
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Fig. 4. Left: HI absorption profile from the VLA data. The shallow broad absorption is visible at velocities below ~ 12250 kms™'. The dashed
line indicate the systemic velocity of Mrk 231. Right: Zoom-in of the HI absorption profile from the VLA data. that better shows the blueshifted
wing. Superposed is the Gaussian fit of the broad component discussed in the text.



* PaspelueHmne HegoCcTaToyYHO, YTOObl NOHATD,
oTHUcuTca am blueshifted HI K pagnoamnckyj,
NN K KOMMKTHbIM paanoBblibpocam.

* PaccmaTtpuatoTcsa oba cayyas.
PesynbTnpyrowime oueHKu

* n_HI=10-100 cm-3. dM/dt = 8-18 Ms/yr.



+56°52'30"|—

SR

o L

o

AV =

-

=

2 L

< +52'10"F

£ i

—

3 &

v

[ 2
+52'00"—
+51'50"|—

| | Il | 1 1 1 l | | L l 1 1 L I | L | I |

12P56™16° 158 143 138 128
Right Ascension (J2000)

Fig. 6. Radio continuum image obtained from the VLA data using ro-
bust 0.5 weighting (1” = 0.867 kpc). The different components (bright
core, "plateau". bridge structure in the southern lobe) are clearly visi-
ble. See text for details. The contour levels range from —0.07. 0.07 mJy
beam™! to 250 mJy beam™! with increasing factors of 1.5.
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Fig. 7. Zoom-in of the central region of the radio source. Radio con-
tours from the VLA image of Mrk 231 are superposed to the false colour
HST WFC image made from the F814W (red) and F435W (blue) data.
The image illustrating the spatial coincidence of the radio plateau and
the optical arc feature shown by HST. representing a region of star for-
mation.



HST+radiocont+X-ray(Chandra)
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Fig. 8. HST image with superimposed the WSRT (cyan) and the VLA
(white) radio contours. The figure illustrate the extension of the large
scale structure of the continuum emission recovered by lower spatial
resolution of the WSRT image. Contours like in Fig.6 and Fig.3.

Fig. 9. Chandra soft (0.5-2 keV) X-ray image from (Veilleux et al.
2014) with overlaid contours of the VLA and WSRT continuum im-
ages. The X-ray image has been smoothed by a 3 pixel Gaussian to best
match the VLA beam. Contours as in Figs 6 and 3.

(Rupke et al. 2002, 2005; Lehnert et al. 2011; Rupke & Veilleux
2013a: Cazzoli et al. 2016).



e CpaBHeHue c Na | outflow:

* The column density of the HI in our data (ranging from
5to 15x1021 cm-2 for Tspin= 1000 K) is also consistent
with the column density derived for the Na | (7.5 x
1021 cm-2).

 We conclude that Na | and HI are likely part of the
same outflow, where the HI traces the inner regions -
where the Na | outflow cannot be traced because the
continuum is completely dominated by the quasar
light, while the Na | is telling us about the larger scale -
where the HI cannot be traced because no background
radio continuum is present.



[NaBHbIU BbIBOL,

 Mbl Habntogaem MOLLHbIN OTTOK MHOToda3Horo
rasa — ot peHtreHoscKoro go CO, rae Hi
CKOHUEHTPUPOBAHO BO BHYTPEHHeN obnacTu
outflow — Bmecte c gpyrumm pasamm xonoaHoro
ra3a. Ho atomapHoro rasa meHblue, Yem
MONEKYNAPHOrO.

e [1)keT He obHapy*KeH, 1 ero posib B Nt0bom
C/ly4Yae He ABAAEeTCA onpeaenAoLen B
SHEepreTUKe NOTOKa rasa.



