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The initial description paper for the e-MERGE deep (~1uJy/bm), (30x30 arcmin field) high-resolution
radio survey of GOODS-N is now published [1]. Images are now available to the e-MERGE consortium
from Data Release-1 (DR-1) covering tie inner central 15x15 armin region. The e-MERGE results
demonstrate the ability of high-resolution imaging at 1.5 & 5.5 GHz to spatially resolve regions of radio
emission associated with star-formation within the 848 DR-1 catalogued radio sources out to z=3 and
differentiate such regions from those associated with actively accreting AGN-jet systems.

The DR-2 enhancement is under way utilizing all the e-MERLIN+VLA 1.5GHz (unaveraged) data with
imaging out to the full 30x30 arcmin field of view, which will produce a single wide-field image to a
depth of ~500nJy/bm in the inner 7.5 arcmin diameter field and ~1pJy/bm in the surrounding outer
annulus - a factor of x4 increase in field size and x2 increase in depth in the inner region. An additional
24-hrs of (associated) e-MERGE 1.5GHz data were observed with the EVN [2] providing mas-scale
resolution at 582 correlation positions centered on the e-MERLIN field, the vast majority of which lie
within the DR-1 area (central sensitivity ~9uJy/bm, beam ~5mas.)

Initial results for combination EVN+e-MERGE 1.5GHz imaging from a sample of 31 AGN-dominated
radio sources are discussed with regard to the majority being compact core + (galactic-scale) extended
radio structures, possibly the high-redshift tail to the local Universe FRO-type radio structures [3], the
most common form of radio AGN systems found in the Universe.
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1. Introduction

The initial DR 1 release covering the inner 15x15 arcmin region of e-MERGE with matched
resolution e-MERLIN+VLA combination images at 1.5 GHz and VLA at 5.5 GHz have
demonstrated that the radio source population with 1.5GHz flux densities <lmly is dominated by
steep spectrum star-forming galaxies with emission extended on galactic scales. The radio source
AGN population consists of radio quiet systems with central cores and one- or two-sided extended
emission on galactic scales. Of the 848 catalogued radio source within the e-MERGE DR-1 area
only 2 classical AGN double structures found — 1 FRI system and one Wide-Angled Tail.
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population with increasing numbers of star-forming galaxies and radio-quiet AGN sys-
tems whilst the numbers of radio-loud systems fall rapidly with flux density [4].

2. Science Extraction on AGN e-MERGE Sources

The high angular resolution (~200mas) sensitive imaging (~1.5pJy/bm) from e-MERGE
DR-1 images allows detailed analysis of individual sources and the separation of star-forming
systems from low-luminosity Radio-Quiet AGN sources by radio structure morphology and spec-
tral index. ~500 of the e-MERGE radio-selected galaxies with optical counterparts have de-
blended Herschel SPIRE IR photometry [5] at matching angular resolution to the radio images.
Of these, ~15% of DR-1 population are Radio-Quiet AGN with qir<1.95 and extended one- or
two-sided galactic scale emission surrounding a low-luminosity AGN core (see Figures 2 and 3).
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Figure 2: e-MERGE 1.5 GHz images (Beam ~200mas) of 4 example Radio-Quiet AGN systems with
compact nuclear components and one- or two-sided extended radio components on galactic scales.
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Figure 3: Qr values obtained from de-blended Herschel SPIRE IR photometry for those catalogued
DR-1 radio sources with optical counterparts plotted against redshifts. AGN have qr values < 1.95

The addition of EVN 1.5 GHz data is being used to investigate jet length and sidedness for the
radio-quiet AGN radio source population in e-MERGE DR-1. Such studies will separate AGN-
jet features from star-forming regions some of which may be the result of AGN feedback interac-
tions. These additional studies are at an early stage and examples of intermediate resolution
(~100mas) combination EVN + e-MERGE 1.5GHz images have been made to investigate 2 DR-
1 AGNSs: Radio-Quiet AGN J123642+621331 and Radio-Loud WAT J123725+621129

2.1 J123642621331 — Radio-Quiet AGN

We have used e-MERGE+EVN 1.5 GHz combination imaging with angular resolutions of 100
mas to study jet length and sidedness of a sub-set of the DR-1 Radio-Quiet AGN population in
order to constrain models of SMBH jet launching and investigate SMBH mass and spin in these
high-redshift systems through the jet properties close to the AGN cores. A single example Radio-
Quiet AGN system at a redshift of is discussed below. The object is confirmed as a Radio- Quiet
AGN through its very low qir value well below the SFG/AGN cut off value of 1.95 (Figure. 3).
The source shows a one-sided jet through all of its Easterly length with significant changes in
position angle overlying a two-sided lower surface brightness component on a galactic size scale
size. (See Figures 4 & 5).The radio structure, if typical, shows that although jets are clearly active
in such Radio-Quiet AGN systems at high redshifts, they do not have the power to break out into
the extragalactic region — and there are no signs of any jet termination hotspots. For the one-
sided/asymmetrical structures either the jets are initially fast-moving and showing evidence of
Doppler beaming on the foreground side, or perhaps the jets oscillate back and forth between the
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sides and at present only the jet on one side is active. If the jets are initially launched with rela-
tivistic motions, they appear to gradually lose their power (and speed) within the surrounding host
galaxy since none of the e-MERGE imaged Radio-Quiet AGN systems shows any evidence of jet
termination shocks or extended emission beyond the host galaxy.
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Figure 4: e-MERGE 1.5GHz image of J123642+621331

2.2 J123725 +621129 — Radio-Loud Wide-Angled Tail

The radio core of this Wide-Angled-Tail (WAT)
radio source overlies the nucleus of an

[=22.9mag z=1.2653 massive elliptical galaxy
M~1.8 & 0.1x10""M_. This source is the bright-

est object in the e-MERGE DR-1 release region
with a total flux density at 1.5 GHz of 5.5mJy.
As with other WAT systems, the collimated jets
from the central radio core component are dis-
rupted by the surrounding cluster gas at hotspots
located near the edge of the visible galaxy at the
Interstellar & Intracluster (ISM/ICM) interface.
The disrupted plasma from the jets then drifts out
under buoyancy forces into the surrounding hot
intra-cluster medium (ICM). Figure 6 shows the
VLA A-array 1.5 GHz image in false colour,
which maps out the angular extent of the radio
source (LAS'~4.2 a@second.s). Figure. 7 illu's— Figure 6: VLA A-array 1.5GHz image of
trates the significant increase in the detailed radio | j123725+621129

structure which can be found with the higher an-
gular resolution e-MERLIN 1.5 GHz image shown contoured over the HST F850LP image of the
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host galaxy in false colour. The increased detail shows that the radio structure is bent significantly
out of linearity by the buoyancy forces in the surrounding ICM such that the total extent of the
double radio lobed structure is closer to 6 arcseconds (~50kpc at a redshift of 1.2653).
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emission shows the flattest radio spectral index with the inner hotspots and outer lobes showing
progressively steep spectral indices.

2.21 The Properties of WAT J123625+621129.

The overall size of the WAT radio structure after accounting for bending is ~50kpc which is small
by comparison with other luminous WAT systems — inviting the question as to whether this is a
young object. An estimate of the source age can be made by comparing the spectral indices

(0o, =P %) found between the e-MERGE 1.5 GHz and VLA 5.5 GHz images in the inner hotspot
regions (o = -0.82 +0.04) and the outer lobe structures (a0 = -1.37 +0.12), assuming that no
significant electron acceleration in the plasma occurs beyond the hotspot regions. Ageing of the
electron population in the lobes produces a cut-off in the high energy electron population from
Synchrotron losses resulting in a steepening in the observed spectrum above a certain critical
frequency — as this frequency moves below 5.5 GHz the observed spectral index will steepen
allowing an estimate of the plasma age to be estimated provided the magnetic field strength is
known [7]. Using a fiducial value of S5uG for the magnetic field strength value in such regions as
found in similar structures [8] yields a spectral age of ~50Myr which implies that the radio source
is not particularly old. Such spectral age estimates are subject to potential inaccuracies due to,
for example, the adiabatic expansion of plasma within the lobes of radio sources [9]. Another
energy loss process whose characteristic timescale we can infer from our observations is that of
Inverse Compton losses off the radiation field of the AGN itself . Estimates from [15] suggest an
Inverse Compton age of ~20Myrs and combinations of both Inverse Compton and adiabatic ex-
pansion derives more realistic age estimates of ~18Myr. Such relatively young age estimates sug-
gest that J123725+621129 is likely a rapidly evolving source in the early throes of interacting
with the surrounding ICM. That said, J123725+621129 is the brightest source in the DR-1 field
(St at 1.5GHz = 5.5mJy) and this and other high angular resolution deep surveys have not yet
detected any older and larger WAT structures which calls into question whether such young
evolving high redshift WAT structures grow into larger and older WATSs — or whether they are
relatively transitory objects which never live long enough to evolve into larger WAT systems.

Figure 9 shows the e-MERLIN+EVN 1.5GHz combination image of core, jet, and inner hotspot
region of the WAT showing the disruption of the jets by their interaction with ICM as they escape
the protection of the host galaxy ISM. The jets joining the core to the inner hotspots are clearly
visible in the e-MERLIN 1.5 GHz image and are quite symmetrical - but are relatively faint and
due to the increased angular resolution and lower sensitivity, are not visible in the EVN combi-
nation image aside from the initial Eastward-facing one-sided jet emanating from the core. The
average separation between the AGN radio core and the hotspots (the jet termination length) is
0.53 arcseconds (4.5 kpc).

For comparision purposes, we have assembled a compilation of Wide-Angled Tail radio sources
from the literature, including (a): a selection of z < 0:5 WATS located within Abell clusters [10];
(b): 38 WATS between 0 < z < 0.96 detected in the VLA FIRST survey [11][12][13]; and (c): 6
WATS detected at 0.14 < z < 0.38 in the Australia Telescope Wide Area Survey [14]. We note
that J123725+621129 is at a higher redshift than any other WAT source thus far studied in detail
with high angular-resolution radio imaging. Whilst also being of comparable luminosity with typ-
ical Wide-Angled Tail sources in the redshift range ~ 0.5 - 1, J123725+621129 is very small in
linear size being- around ¥ the size of typical high redshift WAT systems.
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Figure 10 shows the properties of the WAT representative sample in terms of monochromatic
luminosity and linear size against redshift. It should be noted that this sample is not complete in
any formal sense, but representative of typical WAT structures published in the literature.

Comparison with a Representative WAT Sample
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Figure 10: Properties of a representative sample of Wide-Angled-Tail radio source structures in the
literature for comparison with J123725+621129 (arrowed). Sample drawn from [ | O][T1][12][13][14]

As has already been noted, J123725+621129 is by comparison luminous but has a very small
linear size. Figure 11 illustrates another WAT structural property — that of the jet termination
length (the average core-inner hotspot linear separation). Hardcastle & Sakelliou (2004) [10]
showed that for their sample the WAT jet termination length is related to the surrounding cluster
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temperature - implying that hot cluster gas temperatures are associated with shorter jet termina-
tion lengths and disrupt outflowing WAT jets closer to the host galaxy.

From Figure 8 it can be seen that J123725+621129 has a jet termination length of 4.5 kpc which

is very low in comparison

iy
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with  most WAT jet
termination lengths and
implies that cluster gas

surrounding

Figure 11:

Jet termination lengths for 14

WAT sources from [10][11]

J12372+621129 is very hot
| with cluster  gas
temperatures < 8§ keV.
WAT systems are usually

5+621129 Jet termination length 4.5 kpc

associated with the
dominant central elliptical
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rich clusters. No X-ray
emission is detected for
this cluster, however the
-|  source probably lies at too
high a redshift to get
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the X-ray intra-cluster gas
from the Chandra non-
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Figure 12:

Photometric redshifts for
the 252 galaxies within a 1
arcmin diameter area

centred on J123725+621129

Figure 12 plots all the
measured photometric
redshifts for 252 galax-
ies within an area of 1
arcminute diameter
centred on the Wide-
Angled Tail radio
source. The redshift
distribution is statisti-
cally compatible with a
large cluster at a red-

detection (although though
the host galaxy itself is
detected).

Photometric redshifts of 252
galaxies within 1 arcmin diameter
area surrounding the WAT

Compatible with a cluster at
z=1.2653 — but only marginally
different from z,,, distribution
of 848 source catalogue

Redshift

shift of 1.2653 but is statistically only marginally different from the photometric redshift
distribution of the complete 848 e-MERGE source sample.
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3. The e-MERGE Summary and Delivery Timescale

The e-MERGE radio survey is designed to image the uJy radio source population in great detail
with nlJy sensitivity and high angular resolution matching and exceeding that of the HST over
arcsec to mas scales across the GOODS-N field. The full DR-2 release of the e-MERGE Survey
will constrain models of star-formation and SMBH co-evolution, and study associated AGN
feedback interactions within the host galaxies across cosmic time from over 4000 individual radio
sources.

The high angular resolution the e-MERGE radio survey will be complementary to extremely wide
field deep surveys of radio sources observed with other telescopes at lower angular resolution
where the vast majoprity of the pJy radio source population remains essentially unresolved.

The e-MERGE science exploitation will utilise the extensive multi-band coverage across the
GOODS-N field with the DR-2 release encompassing the HST multi-wavelength deep images
(HST CANDELS).

The initial DR-1 images were released to the e-MERGE consortium membership in 2020 [1], and
is in science exploitation for the brighter pJy radio sources within the central 15’0f GOODS-N.

The DR-1.5 initial test combination imaging with VLBI (EVN) for AGN systems with the DR-1
release is under way and will be delivered on similar timescales to the DR2 full release.

The DR-2 full sensitivity image release to the consortium delivery expected in 2024 with
science exploitation in 2024/25.
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