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ABSTRACT

We present the detection of a low surface-brightness stellar counterpart to an enormous (190 kpc) ring of neutral hydrogen (HI)
gas that surrounds the nearby radio galaxy B2 0648+27. This system is currently in an evolutionary stage between major merger and
(radio-loud) early-type galaxy. In a previous paper we investigated in detail the timescales between merger, starburst and AGN activity
in B2 0648+27, based on its unusual multi-wavelength properties (large-scale HI ring, dominating post-starburst stellar population
and infra-red luminosity). In this Research Note we present deep optical B- and V-band imaging that provides further evidence for the
merger origin of B2 0648+27. The host galaxy shows a distorted optical morphology and a broad tidal arm is clearly present. A low
surface-brightness stellar tail or partial ring curls around more than half the host galaxy at a distance of up to 55 kpc from the centre
of the galaxy, following the large-scale, ring-like H I structure that we detected previously around this system. The gas and stars in
this ring are most likely tidally expelled material that slowly fell back onto the host galaxy after the merger event. There also appear
to be sites of star formation within the HI ring that may have formed within the gaseous tidal debris after the merger. We argue that
the observed properties of the gas and stars in B2 0648427, as well as the apparent time-delay between the merger and the starburst
event, may be the logical result of a merger between two gas-rich disk galaxies with a prominent bulge, or of a merger between an
elliptical and a gas-rich spiral galaxy. There also appears to be a significant time-delay between the merger/starburst event and the
current episode of radio-AGN activity.
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1. Introduction

Gas-rich galaxy mergers and interactions are often invoked to
be the trigger of starburst and Active Galactic Nuclear (AGN)
activity. Gravitational and hydrodynamical perturbations that
are exerted on the inter-stellar medium in merging galaxies in-
duce bursts of star formation and may also remove enough an-
gular momentum from the gas for it to be deposited onto a
super-massive black hole in the centre of the merging system
(Barnes & Hernquist 1991, 1996; Mihos & Hernquist 1994,
1996; Springel et al. 2005; Kapferer et al. 2005; di Matteo et al.
2007). After a luminous infra-red phase, in which starburst ac-
tivity is heavily obscured (e.g. Sanders & Mirabel 1996), feed-
back from stellar winds and AGN activity may clear the merger
product (e.g. Heckman et al. 1990; Rupke et al. 2002; Di Matteo
et al. 2005; Springel et al. 2005; Hopkins et al. 2005). What re-
mains is often a newly formed early-type galaxy. The presence
of an active nucleus in such a system may depend critically on
the triggering time-scale and life-cycle of the AGN.

In a recent paper (Emonts et al. 2006, hereafter PaperI)
we investigated in detail the timescales of merger, starburst and
AGN activity in the nearby radio galaxy B2 0648+27. Currently,
the AGN in B2 0648+27 consists of an emission-line AGN
(Emonts 2006) plus compact radio source (Giroletti et al. 2005).

Although the AGN is not as powerful as often observed in
high-redshift quasars and QSOs, the proximity of B2 0648+27
(z = 0.0412) allows a detailed study of the host galaxy. In Paper1
we presented the detailed analysis of a large-scale ring of neutral
hydrogen (HI) gas (M1 = 8.5 X 10° My; diameter ~190 kpc)
that is present around the host galaxy and which was initially
discovered by Morganti et al. (2003). We argued that the HI
ring formed from a major merger event >1.5 Gyr ago, when gas
that was tidally expelled during the merger fell back onto the
host galaxy and settled in regular rotation. This merger scenario
was supported by the detection of a 0.3-0.4 Gyr young post-
starburst stellar population that dominates the starlight through-
out the host galaxy and which could have given B2 0648+27
the appearance of an (Ultra-) Luminous Infra-Red Galaxy at the
time of the starburst event. The off-set in time between the initial
merger event and the starburst activity indicates that the starburst
was triggered in an advanced stage of the merger. The spectral
age of the radio source in B2 0648+27 has been estimated by
Giroletti et al. (2005) to be about 1 Myr, which suggests that
there is also a significant time-delay between the starburst event
and the triggering of the current episode of radio-AGN activity.

In order to unambiguously verify the merger scenario that we
proposed for B2 0648+27 in PaperI and to investigate whether
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Fig. 1. Deep optical B + V band image of radio galaxy B2 0648+27. Left: high-contrast plot of B2 0648+27, highlighting the low surface-brightness
stellar tail or partial ring. Right: low-contrast plot (logarithmic intensity scale) of the inner region of B2 0648+27.

stars are present in the large-scale HI ring that surrounds the
host galaxy, we obtained deep optical B- and V-band imaging
of this system. Previous optical imaging of B2 0648+27 by
Heisler & Vader (1994) already showed that — while the host
galaxy appears to contain smooth but very elongated elliptical
isophotes — low surface-brightness structures (a faint tail/plume
and shells/arcs) appear to be present, although the limited sensi-
tivity of their data only allowed an ambiguous classification of
the optical morphology of the host galaxy. A detailed analysis of
the radial light-profile of B2 0648+27 from V-band surface pho-
tometry by Gonzilez-Serrano & Carballo (2000) revealed that
the host galaxy can be fitted by an r!/*-law, although isophote
twisting is present. This indicates that B2 0648+27 already has
a primary optical characteristic of an early-type galaxy, possi-
bly in the process of formation. The new, much deeper optical
imaging presented in this Research Note clearly shows some re-
markable stellar features, which provide additional evidence that
a major merger indeed formed this radio galaxy and which allow
us to verify our conclusions from PaperI.

Throughout this paper we will use the name B2 0648+27
for both the radio source and the host galaxy. We assume
Hy =71 km s~ Mpc™!, which puts B2 0648+27 at a distance
of 174 Mpc and 1 arcsec = 0.84 kpc.

2. Observations

Deep optical B- and V-band imaging of B2 0648+27 was ob-
tained on 12 (V) and 13 (B) March 2007 at the Hiltner 2.4 m
telescope of the MDM observatory, located at the south-western
ridge of Kitt Peak, Arizona (USA). The total integration times
were 60 and 55 min for the B- and V-band image respectively.
Observations were done under photometric conditions, at low
airmass (sec z < 1.08) and with a seeing of about 1.3 arcsec on
12 March and about 1.0 arcsec on 13 March. We used the Image
Reduction and Analysis Facility (IRAF) to perform a standard
data reduction (bias subtraction, flat-fielding, frame alignment
and cosmic-ray removal). Probably due to minor shutter issues,
a gradient was present in the background of the 9 X 9 arcmin

Echelle CCD images. Because galaxy B2 0648+27 occupies
only a small part of the CCD, we were able to remove this effect
to a significant degree by fitting a gradient to the background
in the region surrounding B2 0648+27 and subsequently sub-
tracting this background-gradient from the image. However, the
residual errors in the background subtraction (visible in Fig. 1),
in combination with uncertainties in the relative flux calibration,
make it impossible to obtain reliable colour information from the
B- and V-band images, in particular in the low-surface bright-
ness regions. Using KARMA, we applied a world coordinate
system to the images by identifying a few dozen of the fore-
ground stars in an SDSS image of the same region. The newly
applied coordinate system agrees with that of the SDSS image to
within 1 arcsec. This is good enough for comparing the optical
with the HI data, since the latter have a much lower resolution
(see PaperI). In order to increase our sensitivity for mapping the
very faint optical emission, we co-added the B- and V-band ex-
posures (see Fig. 1), although we note that all stellar features
were detected in both bands separately.

3. Results

Figure 1 shows the deep optical B+ V band image of radio
galaxy B2 0648+27. The high-contrast plot (left) clearly shows
that the main stellar body of the host galaxy has a total extent of
55 kpc along the major axis. A broad stellar arm appears to ex-
tend from the south-western end of the optical galaxy in western
direction (this arm was also weakly visible in the R-band image
of Heisler & Vader 1994). In addition, a low surface-brightness
stellar tail or partial ring curls around the northern and eastern
half of the galaxy at about 55 kpc from the centre.

Figure 2 shows that the low surface-brightness stellar distri-
bution clearly follows the contours of the HI emission that we
detected around B2 0648+27 (see Paperl). A concentration of
HT gas is detected on top of the broad stellar arm that stretches
west of the optical galaxy. Also the faint stellar tail that curls
around the host galaxy follows the HI gas in the ring. At the
locations where the HI peaks, enhancements can be seen in the
optical structure, possibly indicating sites of star formation (as
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Fig. 2. Contours of the total intensity H I map from Paper I overlaid onto the deep optical B+ V image of B2 0648+27 (grey-scale). Contour levels:

0.22,0.36,0.52,0.71,0.95, 1.2, 1.5, 1.8, 2.1 x10?° cm™2.

already mentioned in Sect. 2, due to observational limitations
no reliable colour information can be obtained from our B- and
V-band images in these regions). In a small region between the
broad western arm and the north-western tip of the faint stellar
tail there is an apparent lack of optical emission. This is also the
approximate location where the surface density of the HI ring
reaches a minimum. Contrary, no optical emission is detected
in the low-surface brightness HI gas that stretches toward the
south-west.

The low-contrast plot of Fig. 1 (right) shows in more de-
tail the inner region of the host galaxy. From this plot it is clear
that the optical morphology is heavily distorted. Such a distorted
optical morphology is typical for the advanced stages of a ma-
jor merger (e.g. Barnes & Hernquist 1996; Mihos & Hernquist
1996). Only one nucleus is visible in our data. This is in agree-
ment with higher resolution HST data by Capetti et al. (2000),
which also reveal a single nucleus in an inner region with irregu-
lar morphology, enhanced by the presence of dusty features. The
HST data of Capetti et al. (2000) also reveal a chain of what ap-
pear to be star forming regions north of the nucleus, which are
aligned parallel to the dusty filaments. The resolution of our op-
tical data is too low to distinguish these individual dust features
and star forming regions.

4. Discussion

Our deep optical imaging of the nearby radio galaxy
B2 0648+27 provides further evidence for the hypothesis posed
in Paper]I that a galaxy merger formed this system. In particular
the distorted optical morphology of the central region and the
broad tidal arm that stretches west of the host galaxy are direct
indications of a past merger event. It is not likely that a close

interaction caused the observed morphology, given the lack of
large, gas-rich galaxies in the vicinity of, and at approximately
the same velocity as, B2 0648+27 (see Paper]).

The faint stellar tail that curls around the host galaxy appears
to be settled in a partial ring, following the HI ring that sur-
rounds the system. In PaperI we argued that the HI ring likely
formed out of gas that was expelled from the merging system in
large tidal tails, which (at least partially) fell back onto the newly
formed host galaxy and settled into the regular rotating structure
that we observe. A logical assumption is that the stellar tail/ring
has a similar origin. Likely, the bulk of the stars in the ring are
also tidally expelled material that, together with the HI gas, fell
back and settled around the host galaxy. A similar scenario has
been proposed by Morganti et al. (1997) for the elliptical galaxy
NGC 5266, which also contains a giant H 1 ring with a faint stel-
lar counterpart. In a detailed discussion, Morganti et al. (1997)
argue that the coincidence of the faint optical stellar light with
the gaseous HI ring around NGC 5266 is most likely the result
of a past merger event.

It is interesting, however, that peaks in the stellar distribu-
tion across the ring around B2 0648+27 appear to coincide with
maxima in the H I surface density. This indicates that perhaps not
all the stars in the ring are tidally ejected material, but that star
formation may have been triggered — at least in localised sites
or HII regions — in the tidally expelled HI gas after the merger
event. In Paper I, we estimated that the highest concentration of
HT gas (in the eastern part of the HI ring) has a surface density
of 1.7 Mg, pc2, which is just below the threshold for star forma-
tion observed in galaxy disks (van der Hulst et al. 1993; Martin
& Kennicutt 2001). We note, however, that the beam-size of our
HTI observations is much larger than the resolution of our opti-
cal images. As a result, the HI surface density could locally be
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significantly higher at the sites were star formation seems to oc-
cur. Also in other merger systems, star formation is confirmed to
occur in tidal gas structures (see e.g. Hibbard et al. 2005).

Obtaining reliable spectral or colour information about the
stellar content of the large-scale HI-ring (both for the diffuse
stellar light and the apparent sites of star forming) is necessary
to investigate in more detail whether the stars are tidal material,
or formed in the tidal debris after the merger.

4.1. Timescales of merger, starburst and AGN activity

In Paperl we argued that the large mass, as well as the ex-
tended distribution, of the HI gas around the host galaxy sug-
gests that the merger was likely a major merger between two
galaxy of comparable mass, of which at least one, and perhaps
both, were gas-rich. This major merger must have happened
roughly 1.5 Gyr ago, after which the gas and stars that were ex-
pelled in large tidal tails during the initial stages of the merger
event had the time to (at least partially) fall back onto the host
galaxy and settle into the regular rotating ring-like structure that
we observe (based on numerical simulations by Barnes 2002).
The presence of a single nucleus in the morphologically dis-
torted host galaxy provides additional evidence that the merger
is in an advanced stage. The estimated time-scale for individ-
ual nuclei of the progenitor galaxies to fully merge is 1-2 Gyr
(Barnes & Hernquist 1996; Mihos & Hernquist 1996; di Matteo
et al. 2007), which is in agreement with our estimate of the age
of the merger event.

The time-delay between the initial merger and the oc-
currence of the major burst of star formation (as traced
by the 0.3-0.4 Gyr young post-starburst stellar population in
B2 0648+27) was explained in Paperl by the progenitor disk-
galaxies already containing a prominent bulge-component (see
e.g. Mihos & Hernquist 1994, 1996). Recent numerical simula-
tions by di Matteo et al. (2007) suggest that such a time-delay, as
well as the formation of large-scale tidal tails with intense, local
and clumpy star formation, may perhaps also be explained by a
merger between an elliptical and a gas-rich spiral galaxy.

The spectral age of the radio source in B2 0648+27 is
about 1 Myr, although it is possible that the radio source has
been confined for a significantly longer time (Giroletti et al.
2005; Giroletti 2008). As discussed in detail in Paperl, there
therefore appears to be a significant time-delay between the
merger/starburst event and the onset of the current episode of
radio-AGN activity in B2 0648+27, with the radio source ap-
pearing in the advanced stage of the merger process.

5. Conclusions

We presented new, deep optical B+ V band imaging of the
nearby radio galaxy B2 0648+27. The distorted optical mor-
phology of the host galaxy and the presence of a broad stellar
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tidal arm provide further evidence for the scenario proposed in
Paper1 that a major merger event formed this system. A low
surface-brightness stellar tail or partial ring follows the large-
scale HI ring that surrounds the host galaxy at a radius of up to
55 kpc from the centre. The gas and stars in this ring are most
likely tidally expelled material that slowly fell back onto the host
galaxy after the merger event, although there also appear to be
sites of star formation that may have formed within the gaseous
tidal debris after the merger. The observed properties of the gas
and stars, as well as the time-delay between the merger and star-
burst event in B2 0648+27, are in agreement with simulations
of a merger between two disk galaxies with a prominent bulge,
or between an elliptical and a gas-rich spiral galaxy. Apparently,
the triggering of the current radio source in this system was de-
layed with respect to the merger and starburst event.
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