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• galaxies are assembled selectively ➠ 
stellar populations should give answer!



Extragalactic Globular Cluster Systems

NGC 1399 - HST/ACS

•GCs are oldest stellar systems in the local 
Universe and best approximations to SSPs	


•GCs preserve a snapshot of the detailed 
chemical mix in their parent environment at 
the time of their formation	


•GCs respond dynamically to tidal forces at 
their formation sites and throughout their 
evolution 
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99.053 arcmin2 	

observed sky area

5.7 effective radii of the	

NGC 1399 diffuse galaxy light

1.6 effective radii of the 
GCS in NGC 1399

10′x10′

1″ = 97.6 pc	

1 pix = 0.03″ = 2.93 pc

Paolillo et al. (2011) 
Brescia et al. (2012)	


Puzia et al. (2014) 
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• For each mosaic tile we used four 
sub-integrations a 527 sec using a 
4-point dither pattern	


• F606W filter with total 2108 sec

Highest pixel-to-pixel 	

integrity, i.e. lowest 

fractional pixel spread

66.5% larger than HUDF dither pattern

Wide-Field Hubble Space Telescope Observations of the Globular Cluster System in NGC 1399 3

Fig. 1.— Illustration of the 3x3 mosaic of our ACS observa-
tions overplotted on a DSS-2 image. Individual tiles and the main
galaxies in the field are labeled. The orientation of the image,
which measures 20� � 20�, is indicated in the upper right corner.

TABLE 1
Parameters of the utilized dither pattern

Parameter value

Pattern type ACS-WFC-DITHER-BOX
Primary pattern shape PARALLELOGRAM

Pattern purpose DITHER
Number of points 4

Point spacing 0.285��

Line spacing 0.285��

Coordinate frame POS-TARG
Pattern orient 30.155 deg

Angle between sides 145.82 deg
Center pattern NO

in Table 1. Note that this dither pattern is not designed
to cross the ACS inter-chip gap, but to maximize the
sub-pixel shift integrity over the full ACS/WFC field of
view. In its shape it follows the UDF dither pattern with
a 67% larger step size12.
Each set of four dithered frames was combined into

a single image using the MultiDrizzle routine v.2.7.0
(Koekemoer et al. 2002). The software takes care of cor-
recting the geometric field distortions which a⇥ect indi-
vidual ACS exposures, and projects all dithered images
onto a common grid in which the rectified frames are av-
eraged. The averaged image is then ”blotted” back into
each distorted frame to identify and clean cosmic rays
and bad pixels/columns by means of comparison of in-
put vs. averaged image (see Fruchter & Hook 2002). No
background subtraction was performed at this stage of
data processing. The main background contribution in
our fields is due to the NGC 1399 di⇥use light and is
correctly accounted for in the following structural profile
analysis (see Sect. 4.2).
Similar to the GOODS and UDF data sets, we use

12 See also http://www.stsci.edu/hst/acs/proposing/dither

the Gaussian drizzle kernel and set the pixel scale to
0.03��/pix on the final combined images. This provides
a super-Nyquist sampling of the PSF with a FWHM of
⇥0.08�� at 6000 Å (see also Beckwith et al. 2006). Rhodes
et al. (2007) find that this combination of Gaussian driz-
zle kernel and 0.03��/pix output pixel scale gives minimal
aliasing in the final images. Jee et al. (2007) argue that a
Lanczos drizzle kernel with a 0.05��/pix output scale re-
duces the PSF width by ⇥3% compared to the Gaussian
kernel, at the expense that the Lanczos kernel introduces
”cosmetic artifacts in the regions where flux gradients
change abruptly” (Jee et al. 2007). Since we most of our
target globular clusters are likely to have structural pa-
rameters at the resolution limit of HST we are expecting
strong varying profile gradients for the most compact
objects. We find that noise correlation between neigh-
bouring pixels produces moiré patterns in the vicinity of
bright objects and strong gradients (see also Rhodes et
al. 2007), but this a⇥ects only a few blended sources in
our dataset. After these considerations and careful visual
inspection of the drizzled images we therefore decide to
use the Gaussian drizzle kernel in the subsequent analy-
sis. The combined field is illustrated in Figure 2 and has
an e⇥ective field of view of 99.053 arcmin2.
Using the Multidrizzle software, we also produce

weight maps representing the final error budget for each
pixel, which account for all uncertainties in the reduc-
tion process, including bias, flatfield, drizzling, and alias-
ing e⇥ects. These weighting maps enter the photome-
try and structural parameter analysis. We note that the
high spatial resolution of our drizzled images safeguards
them from crowding e⇥ects, even in the central regions
of NGC 1399, and reveals in every pointing a wealth of
detail in object morphology as illustrated in Figure 3.

3. THE PHOTOMETRIC INPUT CATALOG

3.1. Aperture Photometry

To obtain a rough estimate of the total magnitudes
of all detected sources we perform aperture photome-
try with the SExtractor package (Bertin & Arnouts
1996) and measure instrumental magnitudes in apertures
of successively growing diameter, i.e. growth curve anal-
ysis. We use the asymptotic limit of these curves to
compute mean photometric corrections from finite aper-
ture sizes to ”infinity”. Our tests show that an aperture
with 0.24�� radius maximizes the average S/N of the fi-
nal photometry. Leaving out saturated objects and spu-
rious detections we obtain a mean aperture correction
for this optimal aperture size to an ”infinite” aperture
radius of ⇤�F606W⌅ = �0.14 mag (with a standard de-
viation � = 0.22 mag). We also measure the mean pho-
tometric correction from the standard 0.5�� aperture ra-
dius to ”infinity” ⇤�F606W⌅ = �0.07 mag (with a stan-
dard deviation � = 0.14 mag), which compares well
with the suggested value from Sirianni et al. (2005) of
⇤�F606W⌅ = �0.088 mag.
We follow the prescriptions of Sirianni et al. (2005)

to calibrate our F606W ”infitnite”-aperture magnitudes
mi to the broadband V -filter in the VEGAMAG filter
system. We include second-order color terms from the
synthetic model of Sirianni et al. that are applicable for
the color range V � I > 0.4 mag and obtain the final

Ok Better!

Puzia et al. (2014) 
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– 10 –

Fig. 3.— The image PSFEFF.F606W.fits, showing the array of 9×10 101×101-point ePSFs
for the F606W filter.

Building the PSF library

• ACS/WFC PSF is variable 
across the FoV	


• use effective PSF to 
interpolate local PSF on FLTs	


• multidrizzle each mosaic tile 
using the exact astrometry to 
combine ePSFs into dePSFs

– 15 –

Fig. 5.— The array of 9×10 fiducial PSFs, as in Figure 3, but this time with the average PSF

subtracted from each. To focus on the central region, we only show the inner 6-WFC-pixels’
radius for each PSF. The whitest pixels indicate an excess of 0.035 and the blackest indicate

a deficit of 0.035, a ±15% variation in the PSF’s central intensity.

for each tile!

6 Puzia et al.

Fig. 4.— The above panels show the photometric diagnostics (from the upper left clockwise) photometric uncertainty, Kron radius,
FWHM, and ellipticity as a function of VF606W magnitude for all detected objects in the ACS mosaic. The hatched regions indicate
excluded objects excluded by the selection cuts that are used to reject extended and/or amorphous background objects and image artifacts.
The selected objects are used as input sample to measure their structural parameters. See Section 3.3 for details.

exact numerical value of the spatial resolution limit is de-
termined through detailed artificial cluster experiments,
which are discussed in Section 4.4.
Observations of the integrated-light profile �(r) of re-

solved astronomical objects measure their surface bright-
ness variations µ(r) over the 2-D spatial extent ( r=r for
spherically symmetric sources) convolved with the instru-
mental point-spread function P (r) and the detector dif-
fusion kernel D(r), plus, in the simplest case, an additive
noise term N(r):

�(r) = 2⇤

r2�

r1

{µ(r)⇥ P (r)⇥D(r) +N(r)} rdr (2)

where µ(r) is the sum of the source and background sur-
face brightness µs(r)+µb(r). The access to surface bright-
ness profiles of distant objects (e.g. globular clusters in

NGC 1399) is therefore limited by the spatial resolution
of the data (i.e. the width of functions P (r) and D(r)),
the brightness of the sky (i.e. where µ(r)⇤µb), and the
noise properties of the data (i.e. N(r)). Among today’s
imaging instruments that operate at optical wavelengths,
the ideal case of P (r) ⇥ D(r) ⌅ �(r) and N(r) ⌅ 0 is
best approximated by the Hubble Space Telescope (HST),
which is precisely the reason why it is so vital not only
for the field of GC research, but also for other areas that
require high spatial resolution, e.g. studies of resolved
extragalactic stellar populations and nuclear regions of
galaxies. In particular, the Wide-Field Channel (WFC)
of the Advanced Camera for Surveys (ACS) provides a
large field of view (202�� � 202��) over which the geomet-
ric variations of P (r) ⇥ D(r) are relatively stable and
well understood (Anderson 2005). An additional major
advantage of space-based observations is the very low sky

see also Anderson & King ACS ISR2006-1
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• Modified GalFIT code to fit multiple King profiles and increase 
efficient processing of multiple profile type combinations	


• Objects are marginally resolved, ergo profile cannot be measured 
directly and has to be assumed	


• Tested several profile types: King, Wilson, Elson, Sersic

Surface Brightness Profile Fitting

µK(r) = k

"✓
1 +

r2

r2c

◆� 1
2

�
✓
1 +

r2t
r2c

◆� 1
2

#2

ESO Globular Cluster Workshop, May 2014, Santiago, Chile                                                                                                                                                                                 Thomas H. Puzia, Institute of Astrophysics, PUC



rc

rh

rt
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�̂2 < 1
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rc

rh

rt
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4.4.1. The Recovery Fidelity of the King Core Radius

The top panels in Figure 7 show how our code recov-
ers the King core radius. From the left panel, i.e. input
vs. output rc diagram, it is evident that the spatial reso-
lution of our dataset becomes increasingly significant at
rc � 3 pc, and we see nicely a ”leveling o⇥” of the rela-
tion towards smaller spatial scales. The reader should be
aware that the logarithmic scaling in this plot is chosen
to show exactly this physical limit and exaggerates this
e⇥ect optically. In the right panel we plot the rc di⇥er-
ence relation, in the sense �rc = rc,out � rc,in, vs. the
recovered core radius rc,out. The graph illustrates that
the measurements can robustly be corrected with a small
systematic o⇥set of the form ��rc = 0.81±0.04 pc with
a mean standard deviation of ⇤̄1�30pc = 1.54 pc, which is
equivalent to the overall rc measurement uncertainty in
this range. While the �rc trend around the spatial reso-
lution limit allows an almost linear correction it is clear
that the scatter in �rc increases towards larger rc, which
is due to the confusion limit of the data, e.g. blended
sources, sky background fluctuations, etc. At this end we
see a higher-order systematic trend that cannot be ap-
proximated with a simple o⇥set. We, therefore, use the
correction function

⌅rc = 0.731 � 5.563 · 10�2rc,out + 3.742 · 10�3r2c,out (4)

to fit the overall trend in �rc as a function of rc,out and
correct our rc measurements for rc,out ⌥ [1, 30] pc. The
function is shown as dash-dotted curve in the upper right
panel of Figure 7 and approximates the probability den-
sity curve very well down to rc⇧30 pc, which we consider
our larger limit for the King core radius measurement.

4.4.2. The Recovery Fidelity of the King Tidal Radius

The tidal radius, rt, probes the outskirts of GC light
distributions. Our tests recover rt with good accuracy
in the range between ⌅10 and 100 pc (see middle panels
in Fig. 7). The mean residual is ��rt =2.86 ± 0.25 pc
with an average standard deviation of ⇤̄10�100pc = 9.06
pc. The lower limit is set by the starting value of our
fitting routine which is ten times the initial core radius
value, so that some clusters with a large core radius and
a slightly larger tidal radius end up with an overesti-
mated tidal radius, because the numerical convergence
of the code for fits with very similar core and tidal radii
is defined by the core radius. Note, that the tidal ra-
dius cannot be smaller than the core radius. For objects
more extended than ⌅ 100 pc we run into background
confusion and fit degeneracy problems, introduced by
nearby di⇥use galaxy components and satellite objects
(which are fit as described in Sect. 4.2). Hence, the fits
become poorly defined beyond such large tidal radii, sim-
ply because there is not enough signal-to-noise in the low
surface-brightness wings of the profiles. We approximate
the residual trend with the following two component cor-
rection function

⌅rt =

⌥
 

�

0.646 + 22.458 (rt�5.581)�0.86 if rt⌥ [10, 25),
2.078 + 6.675 · 10�3 (rt�1.11)+
+2.591 · 10�4 (rt�1.11)2 if rt⌥ [25, 100],

(5)
which is valid in rt⌥ [10, 100] and follows nicely the prob-
ability density estimate at the extreme edges of the pa-
rameter range.

4.4.3. The Recovery Fidelity of the Half-Light Radius

The half-light (or e⇥ective) radius of GCs, rh, is a
structural parameter that emerges from the correlation
of the King core and tidal radius, as described by Equa-
tion 3 and encircles 50% of the total GC light. The half-
light radius is the most robust and stable structural pa-
rameter throughout their dynamical evolution and is pre-
dicted to evolve much slower with time (rh ⌃ t2/3) than
the tidal and core radius (Hénon 1973, 1975; Elson et al.
1987; Murphy et al. 1990; Murray & Lin 1992). One ma-
jor advantage of rh, is its relative e⇥ortless accessibility
in more distant stellar systems and because of its slow
evolution it provides the most reliable measure of the size
distribution function of extragalactic GC system.
To derive a similar expression for the half-light radius

we need the integral form of the King profile which can
be written as

2⇥

r2⌦

r1

µK(r)rdr =

⇤
krc
⇧

⇧
⇧ arctan

�
r

rc

⇥
+ (6)

rc

�
r � 2

⌦
⇧ ln

�
2r

⌦
⇧+ 2r2c

↵
1 +

r2t
r2c

↵
1 + r2

r2c

⇥⇥⌃⌅r2

r1

where ⇧ = r2c + r2t , and r1 and r2 are the integration
limits. Since Equation 6 is transcendent in r, the half-
light radius rh, which is defined as

2⇥

rh⌦

0

µ(r)rdr = ⇥

⇥⌦

0

µ(r)rdr , (7)

cannot be written in a closed analytic form and has to be
evaluated numerically. We determine rh from the direct
integration of the King profile for each individual cluster
and, thus, probe immediately the influence of parame-
ter correlations between rc and rt. The bottom panels
of Figure 7 show that the average bias of the half-light
radius is ��rh = 0.87 ± 0.02 pc with an average stan-
dard deviation of ⇤̄1.5�15pc=0.54 pc. This is in excellent
agreement with the results of Harris (2009) who found
⇤rh =1.1 pc as mean uncertainty for size measurements
of GCs at the distance of d ⇧ 40 pc, based on F435W
and F814W ACS data of distant BCGs which are roughly
twice as far away as NGC 1399. The reduced mean un-
certainty of rh is likely due to parameter correlations of rc
and rt the uncertainties of which compensate each other
to leave rh a very reliable parameter of GC sizes. The
results of our artificial cluster experiments indicate that
we can measure and correct rh reliably for rh ⌥ [1.5, 19]
pc. The corresponding correction function has the form

⌅rh =

⌥
 

�

0.33 + (rh�0.354)�4.26 if rh⌥ [1.5, 7),
0.449 � 5.766 · 10�2 (rh�0.1)+
+5.869 · 10�3 (rh�0.1)2 if rh⌥ [7, 19].

(8)
In summary, we now understand to first order the fi-

delity and limitations of our structural parameter mea-
surements and move on to test the influence of the vari-
able background surface brightness in our ACS mosaic.

4.4.4. The Influence of the Variable Galaxy Background

After correcting for biases in our measuring procedure
we explore in the following the influence of the variable
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the residual trend with the following two component cor-
rection function

⌅rt =

⌥
 

�

0.646 + 22.458 (rt�5.581)�0.86 if rt⌥ [10, 25),
2.078 + 6.675 · 10�3 (rt�1.11)+
+2.591 · 10�4 (rt�1.11)2 if rt⌥ [25, 100],

(5)
which is valid in rt⌥ [10, 100] and follows nicely the prob-
ability density estimate at the extreme edges of the pa-
rameter range.

4.4.3. The Recovery Fidelity of the Half-Light Radius

The half-light (or e⇥ective) radius of GCs, rh, is a
structural parameter that emerges from the correlation
of the King core and tidal radius, as described by Equa-
tion 3 and encircles 50% of the total GC light. The half-
light radius is the most robust and stable structural pa-
rameter throughout their dynamical evolution and is pre-
dicted to evolve much slower with time (rh ⌃ t2/3) than
the tidal and core radius (Hénon 1973, 1975; Elson et al.
1987; Murphy et al. 1990; Murray & Lin 1992). One ma-
jor advantage of rh, is its relative e⇥ortless accessibility
in more distant stellar systems and because of its slow
evolution it provides the most reliable measure of the size
distribution function of extragalactic GC system.
To derive a similar expression for the half-light radius

we need the integral form of the King profile which can
be written as

2⇥

r2⌦

r1

µK(r)rdr =

⇤
krc
⇧

⇧
⇧ arctan

�
r

rc

⇥
+ (6)

rc

�
r � 2

⌦
⇧ ln

�
2r

⌦
⇧+ 2r2c

↵
1 +

r2t
r2c

↵
1 + r2

r2c

⇥⇥⌃⌅r2

r1

where ⇧ = r2c + r2t , and r1 and r2 are the integration
limits. Since Equation 6 is transcendent in r, the half-
light radius rh, which is defined as

2⇥

rh⌦

0

µ(r)rdr = ⇥

⇥⌦

0

µ(r)rdr , (7)

cannot be written in a closed analytic form and has to be
evaluated numerically. We determine rh from the direct
integration of the King profile for each individual cluster
and, thus, probe immediately the influence of parame-
ter correlations between rc and rt. The bottom panels
of Figure 7 show that the average bias of the half-light
radius is ��rh = 0.87 ± 0.02 pc with an average stan-
dard deviation of ⇤̄1.5�15pc=0.54 pc. This is in excellent
agreement with the results of Harris (2009) who found
⇤rh =1.1 pc as mean uncertainty for size measurements
of GCs at the distance of d ⇧ 40 pc, based on F435W
and F814W ACS data of distant BCGs which are roughly
twice as far away as NGC 1399. The reduced mean un-
certainty of rh is likely due to parameter correlations of rc
and rt the uncertainties of which compensate each other
to leave rh a very reliable parameter of GC sizes. The
results of our artificial cluster experiments indicate that
we can measure and correct rh reliably for rh ⌥ [1.5, 19]
pc. The corresponding correction function has the form

⌅rh =

⌥
 

�

0.33 + (rh�0.354)�4.26 if rh⌥ [1.5, 7),
0.449 � 5.766 · 10�2 (rh�0.1)+
+5.869 · 10�3 (rh�0.1)2 if rh⌥ [7, 19].

(8)
In summary, we now understand to first order the fi-

delity and limitations of our structural parameter mea-
surements and move on to test the influence of the vari-
able background surface brightness in our ACS mosaic.

4.4.4. The Influence of the Variable Galaxy Background

After correcting for biases in our measuring procedure
we explore in the following the influence of the variable
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GC half-light radius distributions

vrad confirmed GCs	

using data from	


Schuberth et al. (2010)

Masters et al. (2010)	

ACSFCS, central pointing

wide-field

wide-field

wide-field

wide-field

narrow-field

narrow-field

Later-type and isolated 
galaxies tend to host 
more extended GCs…
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GC Size-Radius 
Relation

•blue GCs are on average ~20% 
larger than red GCs at all Rgal 	


• size difference between red and 
blue GCs present at all Rgal!	


•cannot be projection effect, but 
has to be intrinsic to GCs	


• trend in inner Fornax regions for 
red and blue GCs comparable to 
M87	


•blue GC trend comparable to 
the one of Milky Way GCs
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GC instantaneous Jacobi radius

•expectation of radial rh variation from stellar + NFW mass profile alone are insufficient to 
explain data  ➠ exotic orbit anisotropy f(mGC) or/and harassment by DM substructure!

baryonic embeddedness

stellar+NFW mass

stellar mass
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