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6. The halo kinematics of ETGs

6.1. Velocity fields

A point symmetric system is, by definition, such that each point
of the phase space (x, y,V) has a point-reflected counterpart
(�x,�y,�V). For the galaxies that do not show any significant
deviation from point symmetry (section 5), we assume that point
symmetry holds. In these cases we can double the number of
data-points by adding to the observed dataset its mirror dataset,
and creating in this way a folded catalog (e.g Arnaboldi et al.
1998; Napolitano et al. 2001; Peng et al. 2004; Coccato et al.
2009). This helps in reducing the fluctuations in the recovered
velocity fields. The results obtained using the doubled catalogs
are consistent with those from the unfolded datasets within the
errors. Therefore for the galaxies consistent with point symmetry
we will use the folded catalogs to produce the final mean veloc-
ity fields; for the others (i.e. NGC 1316, NGC 2768, NGC 4472,
NGC 4594 and NGC 5128) the original catalogs are used.

Figure 3 shows the result for two galaxies with a similar
number of tracers, NGC 4494 and NGC 4552. Both are point
symmetric, so the velocity fields in figure 3 are built using the
folded catalogs. NGC 4494 is a fast rotator showing some ro-
tation also in the halo. Its velocity dispersion field reveals that
� decreases with radius. The slow rotator NGC 4552, by con-
trast, displays increasing rotation velocity about two perpendic-
ular axes, and increasing velocity dispersion with radius.

The smoothed velocity fields for all the galaxies of the ePN.S
sample are shown in appendix D. For a more immediate visual-
ization we present interpolations of the velocity fields, based on
computing Ṽ and �̃ on a regular grid. The kinematics typically
extends a median of 5.6 Re, covering a minimum of 3Re to a
maximum of 13 Re. The adopted Re values are listed in table
1. Table 1 also shows the mean radius of the last radial bins, in
which we can statistically determine Ṽ and �̃.

The typical errors on the mean velocities and on the velocity
dispersions, evaluated with Monte Carlo simulations, range from
10 to 40 km s�1, being smaller for galaxies with a larger number
of tracers and higher Ṽ/�̃.

These errors on the mean velocity fields, the mean errors on
the radial velocity measurement, the kernel parameters A and
B used in the smoothing procedure, and the systemic velocities
subtracted are reported in table 2.

A visual comparison with the kinematic maps published by
the ATLAS3D (Krajnović et al. 2011) and SLUGGS (Arnold
et al. 2014; Foster et al. 2016) surveys shows a general good
agreement for all the galaxies in the regions of overlap; see the
appendix C for a detailed description of the individual objects.

6.2. Kinematic parameters

We quantify the properties of the reconstructed mean velocity
fields by evaluating the amplitude of rotation Vrot, the variation
of the PAkin with radius, and the possible misalignments with
PAphot. Therefore we model the velocities in each elliptical bin
as a function of the angle � (positive angles are from North to
East, with the zero at North) with the rotation model in equation
(10), as described in section 3.2.

Figure 4 shows the smoothed velocity field Ṽ(R, �) in each
elliptical radial bin for a subsample of galaxies: a slow rotator,
NGC 4552, and four fast rotators, NGC 4473, NGC 4494, NGC
5866 and NGC 7457. The solid lines are the rotation models that
give the best fit to the data, and from which we derive the kine-
matic parameters. The errors on the fitted parameters are derived

Fig. 3. Top row: smoothed velocity fields of NGC 4494 and NGC 4552;
bottom row: velocity dispersion fields. The fields are built using the
folded catalogs, but only the positions of the actual PN data points are
shown. The images in the background are from the Digitized Sky Sur-
vey (DSS); north is up, east is left.

from Monte Carlo simulations as described in section 3.2.2, and
depend on the number of tracers and the ratio Ṽ/�̃. In the case
of the galaxies show in figure 4, they are largest for NGC 4473,
which has very low rotation in the halo, and smallest for the
lenticular galaxy NGC 7457, which is dominated by rotation up
to large radii.

We divided the sample of ETGs into fast and slow rotators
according to the definition of Emsellem et al. (2011), see table
1. In figure 5 we show separately for both families the fitted pa-
rameters Vrot, s3 and c3, as functions of the major axis distance
R in units of Re. This is a reasonable choice in case of flattened
systems rotating along the photometric major axis. In case of
misalignment or twist of the PAkin, R does not correspond to the
position of the peak in Ṽ but to the major axis of the elliptical
bin in which the amplitude Ṽ is calculated. Figure 6 shows the
misalignment  of PAkin with respect to PAphot,  = PAkin(R)�
PAphot. If the di↵erence PAkin(bin1)�PAphot (where PAkin(bin1)
is the value measured in the first radial bin), is greater than 90
degrees, we define  as PAkin(R) � PAphot � ⇡. Since PAphot is a
constant value for each galaxy, a variation of PAkin with radius
corresponds to a variation of  . We do not use the definition of
Franx et al. (1991), sin = sin(PAkin(R)�PAphot), as it does not
allow the description of large position angle twists. The values
and the references for the PAphot used are in table 1.

Both Vrot and are compared with literature values in figures
5 and 6. When available, we show the profiles from the kinemet-
ric analysis of Foster et al. (2016) on the SLUGGS+ATLAS3D

data, or the kinemetric profiles from Krajnović et al. (2008). In
these cases we rescale the radii of the profiles to major axis dis-
tances using the flattening qkin = qphot given by Foster et al.
(2016), or hqkini given by Krajnović et al. (2008). For the other
galaxies we plot the corresponding quantities from the kinemetry
of Krajnović et al. (2011, namely kmax

1 and PAkin from their table
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Fig. C.1. Smoothed velocity field and velocity dispersion field of NGC 1316 shown on the DSS image; north is up, east is left. The circles highlight
the PNe belonging to a structure in the phase space, discussed in the text. The black contours trace features in the surface brightness distribution
(designations from Schweizer 1980). In red is marked the position of the feature O1 observed by Richtler et al. (2014). The arrow at the bottom
right shows the direction of the PAphot.

figure C.1), with velocities that do not have a point symmet-
ric counterpart. Other groups of PNe that result in non-point-
symmetric velocities are those possibly related with the loop
L1, on the south-west side, and to the plume P in the north-
west. Figure 2 shows that the PNe of NGC 1316 in the in-
nermost radial bin (⇠ 100 arcsec) have a velocity o↵set of
& 150 km s�1with respect to the systemic velocity. This is
produced by a group of relatively slower PNe with mean ve-
locity ⇠ 1325 km s�1and dispersion ⇠ 60 km s�1(highlighted
in figure C.1 with white circles, along with the photometric
feature O1 found by Richtler et al. 2014, in red). These PNe
are not associated with any substructures in the light, and the
fact that they are very localized in the phase space challenges
(but does not rule out) the possibility that they could be con-
taminants. More likely this kinematic feature is the result of
a combination of spatial incompleteness and di↵erential ab-
sorption from localized dust in the galaxy, producing local
lacks of detections in the phase space and so more negative
smoothed velocities Ṽ. A more detailed study is beyond the
scope of this paper.

– NGC 1344. This galaxy, also known as NGC 1340, is an
E5 elliptical belonging to the Fornax cluster. It is character-
ized by the presence of internal and external concentric shells
(Malin & Carter 1980), as consequences of a recent merger
activity. The smoothed velocity field does not deviate from
point symmetry, however it shows that the galaxy in the out-
skirts rolls around the photometric major axis. The velocity
dispersion field shows a gently decreasing profile. Unfortu-
nately there is no integral field stellar kinematics available
for a comparison with the PNe kinematics. The long slit stel-
lar kinematics (Teodorescu et al. 2005) show sustained rota-
tion along the photometric major axis that reaches ⇠ 100 km
s�1at 1.3Re and a decreasing velocity dispersion. The � val-
ues from the spectroscopy are in agreement with those found

with the PN data. We do not detect such an strong rotation,
probably because of the di↵erent radial coverage of the PN
data.

– NGC 2768. This S0 is a field galaxy (Madore et al. 2004)
or member of a poor group (Fouque et al. 1992). NGC 2768
has a cylindrical velocity field (Emsellem et al. 2004) whose
amplitude remains constant at around ⇠ 130 km s�1from the
innermost regions (Emsellem et al. 2004) to the outskirts (see
Proctor et al. 2009; Pota et al. 2013). Our velocity map is in
good agreement with that presented by Arnold et al. (2014)
and extends it beyond 6Re. There is some discrepancy be-
tween the PN Vrot and the kinemetry fit from Foster et al.
(2016) in the innermost radial bins where the disk strongly
dominates. This is due to the fact that the PN smoothed ve-
locity field average together the fast rotating PNe of the disk
with those more slowly rotating from the spheroid. A kine-
matic study of the di↵erent components of this galaxy has
been done by Cortesi et al. (2013b). At larger radii (r & 3Re)
the contribution of the disk is weaker and the PN kinemat-
ics traces the spheroid. There we found a constant sustained
(V ⇠ 130 km s�1) rotation along the photometric major axis.
The velocity dispersion profile is flat at ⇠ 140 km s�1. The
PN smoothed velocity field of NGC 2768 shows localized,
small scale deviations from point symmetry, which might be
related to a small stream visible in optical light (Duc et al.
2015), while the main body of the galaxy is dynamically
relaxed. These asymmetries do not influence the kinematic
analysis, but we used the unfolded catalog to build the ve-
locity fields. Our PN kinematics agrees with that of GCs.
Pota et al. (2013) found significant rotation only for the red
GCs along the photometric major axis and with constant am-
plitude. Their velocity dispersion is decreasing with radius.

– NGC 2974. This is an elliptical (E4) field galaxy. Its kine-
matics was mapped by the SAURON survey (Emsellem et al.
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Fig. C.3. Smoothed velocity field and velocity dispersion field of NGC 4472 shown on the DSS image; north is up, east is left. The black cross
marks the position of the in-falling dwarf UGC 7636. The arrow at the bottom right shows the direction of the PAphot.

matics of 79 GC/UCD extended to more than 6Re. They do
not show appreciable rotation, and their velocity dispersion
seem constant with radius.

– NGC 4365. It is an E3 galaxy, one of the brightest mem-
ber of the Virgo cluster. It has a complex kinematic structure
with a counter-rotating core (Bender 1988a), aligned with the
photometric major axis, and a prolate rotation of ⇠ 61 km
s�1(Davies et al. 2001), which indicates a triaxial potential.
Our PN velocity field extends to 6Re. The inner kinematics
(R . 2Re) is compatible with no rotation. We do not de-
tect the rolling about the minor axis that Arnold et al. (2014)
report, probably because of the smoothing over the inner ve-
locity gradients. We do measure a significant outer (R & 3Re)
rotation of ⇠ 50 km s�1along the major axis, counter-rotating
with respect to the kinematically decoupled core. The veloc-
ity dispersion map has almost constant values, around ⇠ 150
km s�1, with slightly lower values in the region along the ma-
jor axis (⇠ 140 km s�1). The velocity dispersion measured
by Davies et al. (2001) shows a inner value of > 250 km
s�1which decreases to ⇠ 185 km s�1at 0.5Re. Arnold et al.
(2014) measure a � ⇠ 150 km s�1at 2Re, consistent with the
values found with PNe. Blom et al. (2012), studying the GC
kinematics, found that the intermediate metallicity subpop-
ulation (green) rotates along the photometric minor axis, as
the stellar population at intermediate radii, while the red GCs
rotate only at large radii along the photometric major axis in
the opposite direction of the core of the galaxy, in agreement
with the PN kinematics at large radii.

– NGC 4374. Also known as M84, it is a bright E1 galaxy in
the Virgo cluster. The galaxy does not show significant rota-
tion in the innermost ⇠ 0.4Re, as reported by Emsellem et al.
(2004) and Foster et al. (2016), while the velocity dispersion
steeply decreases from 310 km s�1at the center to ⇠ 200 km
s�1at ⇠ 1Re. The PN velocity field shows evidence for rota-
tion only at large radii (R & 2Re), with constant amplitude
⇠ 60 km s�1and along a direction compatible with the minor

axis. The velocity dispersion is rather constant around ⇠ 220
km s�1up to 6Re. Our kinematics is in agreement with that
from the SLUGGS velocity maps (Arnold et al. 2014; Foster
et al. 2016), but their data extend only to ⇠ 2Re. The long slit
kinematics of Coccato et al. (2009) reaches almost 3Re and
agrees in showing no signs of rotation along the major axis,
the onset of rotation along the minor, and constant velocity
dispersion in the outer regions around ⇠ 230 km s�1.

– NGC 4472. NGC 4472 (M 49) is an E2 galaxy, the brightest
object in the Virgo cluster. It is surrounded by a complex sys-
tem of di↵use shells and other features in light which are ev-
idences of its recent and still ongoing accretion activity (see
Janowiecki et al. 2010; Arrigoni Battaia et al. 2012; Hartke
et al. 2018). It is classified as a non regular rotator by Kra-
jnović et al. (2011), who also found evidence for a counter-
rotating core. From R ⇠ 0.2Re the galaxy rotates at ⇠ 60
km s�1(Cappellari et al. 2011; Veale et al. 2017). Beyond
⇠ 3Re the PN data show a complicated and out of equilib-
rium kinematics. The halo rotates along a direction compati-
ble with the galaxy minor axis. This motion is neither point-
nor axi-symmetric, and is dominated by the kinematics of the
in-falling satellite, the dwarf UGC 7636. A visual inspection
of the smoothed velocity field reveals that the main body of
the galaxy would show major axis rotation once the PNe be-
longing to the satellite are excluded (see Hartke et al. 2018,
for a detailed study). While the velocity dispersion profile is
flat over 4Re at ⇠ 250 km s�1, we notice a high dispersion
feature with � ⇠ 350 km s�1in a position corresponding to
the coordinates of UGC 7636.

– NGC 4552. NGC 4552 (M 89) is an E0-1 galaxy in Virgo.
It known to possess a kinematically distinct core, with the
innermost region rotating at ⇠ 30 km s�1, and the region
outside 0.3Re having very weak rotation (Simien & Prugniel
1997b; Emsellem et al. 2004). Our PN smoothed velocity
field shows that the galaxy start rotating beyond 3Re. The
smoothed velocity field reveal that the rotation is about two
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FigureA1.Continued.KrigingmapsforNGC4374

FigureA1.Continued.KrigingmapsforNGC4473.
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Halo Vs Central Kinematics

• SLOW ROTATORS 
onset of rotation in the halo

• FAST ROTATORS 
-70% with slowly rotating outer 
spheroid 
-30% rapidly rotating at large radii 
(extended disk component or rapidly 
rotating outer spheroid)
-40% triaxial fast rotators 

consistent with presence of 
photometric twist
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Kinematic Transition Radius

• The kinematic transition from central regions to halos of ETGs correlates 
inversely with mass

• RT marks the transition between the inner regions, dominated by the in-
situ stellar component, and the halo, which is mostly accreted
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