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HST PMs  vs.   GROUND PMs

… Very different and complementary niches
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Scientific applications
1. Cluster-field separation:  

• cluster members 
• Stellar exotica 
• luminosity & mass functions 
• targets for spectroscopic follow-ups 

2. Internal motions: 
• detailed kinematics and dynamics 

3. Absolute motions 
• Galactic GC orbits 

4. Geometric distances 
• distance scale independent from stellar-evolution models and RR Lyrae 

5. Clusters rotation 
6. Energy equipartition 
7. Mass segregation 
8. (An)isotropy 
9. Full 3D cluster dynamics 

• when LoS velocities for the same stars are available 

10. Constraints on IMBHs 
• “shooting stars” 
• sudden increase in the velocity-dispersion profile in the core 

11. …
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Part II: Astrometry with HST!

!

   - undersampling (PSF) 

   - geometric distortion 

   - CTE defects 

   - differential nature 
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ISSUE#1: Undersampling

Where is the center?
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Illustration of undersampling conditions

Where is the center?

ISSUE#1: Undersampling

Anderson & King 2000, PASP 112, 1360
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• Impossible?!
– A point source has “no hair” 

• 3 parameters (x*,y*,f), ~9 pixels 
– Minimal requirements:  “slosh”

 What is possible?!
– ≲0.01 pixel possible ~ (S/N)−1 
          - Need good PSF model 
          - Need good dithering

• Limitations!
– Individual images; no stacks 
– Hard in crowded fields 

• Neighbor finding/subtraction 
– Ideal in “semi-crowded” regime

ISSUE#1: Undersampling and Astrometry
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• ψINST(Δx,Δy): the “Instrumental” PSF:   
– The PSF as it hits the detector 
– Good theoretical motivations:  Gaussians, Moffat 
– See ψINST only indirectly in images 
– To solve for:  must deconvolve the PSF from the 

pixels 
!

• ψEFF(Δx,Δy):  the “Effective” PSF:   
– The PSF after pixelization: ψEFF = ψINST ⊗ Π 
– Empirical:  no natural basis function to describe 
– We never deal with anything BUT the effective PSF 

• See ψEFF directly in images 
• Can measure ψEFF directly from images

ISSUE#1: what do we mean by the PSF?

Andrea Bellini



HST high-precision proper motions of globular clusters
Part I 
(intro) 
!
• Part II!
(techniques)!
!
Part III 
(the project) 
!
Part IV 
(results) • Degeneracy: 

– Finding ψEFF requires (x*,y*,f) 

– Finding (x*,y*,f) requires ψEFF

• Iteration 
– Dithers break the degeneracy!

ISSUE#1: Finding vs. Using the ePSF
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ISSUE#1: High-level PSF issues

•Spatial variability:

- Core intensity varies up to ±10% 
over scales of  ~500 pixels. 

•Time variability (breathing) 

- Core intensity varies up to ±10% 
from one exposure to the next 
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ISSUE#2: Geometric distortion

Why?  Fewer reflections, better throughput

• Linear “skew”:  500 pixels over 2000 
       →  Parallelogram pixels 

• Non-linear: 50 pixels over 2000
• Filters introduce distortion (~0.1 pixel) 
• Detector “stitching” defects 

   - WFPC2:  every 34.1333th row 3% shorter 
   - ACS/WFC: pattern every 68.2666th column 
   - WFC3/UVIS:  2-D zones 

!

Need empirical approach: plot everything against everything else…
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Bellini & Bedin 2009, PASP,  121, 1419

ISSUE#2: Geometric distortion

WFC3/UVIS observed distortion 
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Bellini & Bedin 2009, PASP,  121, 1419

ISSUE#2: Geometric distortion

auto-calibration & polynomial solution

Bellini,  Anderson & Bedin 2010, PASP,  123, 622Andrea Bellini

~10 pix rms ~0.03 pix rms



HST high-precision proper motions of globular clusters
Part I 
(intro) 
!
• Part II!
(techniques)!
!
Part III 
(the project) 
!
Part IV 
(results)

ISSUE#2: Geometric distortion
Table-of-residuals correction

Bellini,  Anderson & Bedin 2010, PASP,  123, 622

Astrometric flat-field to the < 0.01-pixel level
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~0.03 pix rms<0.01 pix rms
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ISSUE#3: CTE defects
Affect ALL CCD detectors (ground- and space-based) 
Increase with time 
Are a function of stellar brightness, chip position, and background level
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ISSUE#4: Transformations

Always need to define a local reference frame 
• Pixels/positions have only relative meaning 
• Choosing a frame 

*  Base it on a population of objects (3+) in the frame 
*  Must know a priori something about the population 

→ absolute μ = 0  (galaxies) 
→ average μ = same (clusters) 
→ average μ = unchanging (field)

All HST astrometry is differential astrometry 
• Guide-star precision ~ 0.5″  (improved from 1.5″!) 
• No reference stars in typical fields 
• We never know the true pointing
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• “Point” associations are not perfect:  
(Xn,Yn ; Un, Vn) 

           - Stars’ measurement error  
           - Proper motions (dispersion) 
           - “Fuzzy handles” for galaxies/faint stars 

•  Distortion not perfectly removed

VSYST =  σ/√N 

Make transformations more local

ISSUE#3: Transformations
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Courtesy by Jay Anderson WFI    ACS    WFC3    PM
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23 GCs: 
 4 (PI: Chandar) 
 4 (PI: Brown) 
 3 (PI: Ford)  
 1 (PI: van der Marel) 
 1 (PI: Chanamé) 
10 from the archive 
     (PI: Bellini) 
!
!
!
Heterogeneous 
datasets: 
!
 - different epoch 
coverage 
-different cameras 
-different filters 
-different S/N 
!
!
Homogeneous 
reduction 

The project
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Homogeneous reduction: 
!
1- Need of reference frames with similar properties 
2- Single-exposure catalogs obtained with the same software and procedures 
3- Each star position must define a stand-alone epoch
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Homogeneous reduction: 
!
1- Need of reference frames with similar properties 
2- Single-exposure catalogs obtained with the same software and procedures 
3- Each star position must define a stand-alone epoch

GO-10775 GC Treasury Program (PI: Sarajedini)
• 65 MW GCs cores (central 3’x3’)  
• Properly-dithered exposures 
• Homogeneous and deep F606W 

and F814W photometry 
• All taken in 2006

25’’
50’’

100’’

NGC 6752 F606W Stack
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1- Need of a common reference frame 
2- Single-exposure catalogs obtained with the same software and procedures 
3- Each star position must define a stand-alone epoch
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Mining down systematics effects 
!
1- The Master frame is not perfect 
2- Our corrections are not perfect
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Figure 9. Impact of uncorrected CTE effects on the GO-10775 NGC 7078 master frame. Panel (a) shows the mF606W vs. mF606W −mF814W CMD. We divided the
stars into 4 magnitude regions, labeled R1, R2, R3 and R4. For each region we computed the locally-averaged difference between the GO-10775 master-frame
X and Y positions and those predicted by our PM fits at the epoch of the master frame. Panels (b1) to (b4) illustrate these differences for the X positions (∆X)
as a function of the stellar location on the master frame, for the magnitude regions R1 to R4. Panels (c1) to (c4) similarly show the differences in position along
the Y axis (∆Y). Points are color coded according to the size of the differences. A footprint of the typical location of the GO-10775 ACS/WFC chip placements
is also shown in black, with individual amplifiers separated by a red line. A strong correlation between the pattern of position differences and the chip layout is
evident. Panels (d1) to (d4) illustrate the position differences on a rotated reference system, so that the rotated Y′ axis is parallel to the raw Y direction of the
GO-10775 exposures. The averaged ∆Y′ residuals are highlighted by a red line. The fact that these residuals are strongly correlated with Y′ and increase at
fainter magnitudes is a clear signature of unaccounted for CTE losses.

Figure 10. Rotated ∆Y′ position offsets as a function of the Y′ position
using the original GO-10775 positions as the master frame (black, same as
Panels (d) of Fig. 9, but not binned in magnitude) and using the PM-predicted
positions at t=0 (red). The latter are used for all our final PM catalogs.

TABLE 5
AMPLIFIER-BASED, LOCAL AVERAGE PM STATISTICAL QUANTITIES

Unit Minimum Median Maximum Semi-inter.
µα cosδ

pixelyr−1 −0.0049 0.0003 0.0079 0.0011
masyr−1 −0.2017 0.0119 0.3143 0.0444
kms−1 −9.9487 0.5867 15.495 2.1914

kms−1/σVLOS −0.7368 0.0405 1.1478 0.1623
µδ

pixelyr−1 −0.0042 0.0003 0.0049 0.0008
masyr−1 −0.1737 0.0111 0.1948 0.0322
kms−1 −8.5683 0.5472 9.6037 1.5875

kms−1/σVLOS −0.6346 0.0405 0.7114 0.1176

component of the motion. The color scale is shown in the
top-right panel of the figure, in units of pixelyr−1. The panels
reveal the presence of systematic errors. Transitions between
lower and higher average PM values happen in proximity to
the detector/amplifier edges of the adopted data sets, namely:
GO-10401, GO-10775, GO-11233, and GO-12605 (see Ta-
ble A21 for the full list of exposures we used). To quantify
the size of these systematic trends, we computed for each
component of the locally-averaged motion the minimum, me-
dian, maximum and semi-interquartile values in four different
PM units: masyr−1, pixelyr−1, kms−1 and kms−1/σVLOS , where
σVLOS is from Table 1. Table 5 collects these values.

In an absolute sense, the systematic trends are gener-
ally very small. In fact, 50% of the stars in our catalog
have locally-averaged PMs smaller than 0.0011 and 0.0004
pixelyr−1 for the X and the Y component, respectively. As
a reference, we recall that we can measure the position of
bright, unsaturated stars in each exposurewith an average pre-
cision of ∼ 0.01 pixel. Nevertheless, there are locations on
the master frame where the systematic trends are as large as
∼ 0.008 pixelyr−1. The available time baseline for these loca-
tions is about 5.5 years, giving a total displacement of more
than 0.04 pixels.
These systematic trends have the potential to significantly

affect specific scientific studies. Even though the systematic
trends are typically only as large as ∼ 15% of the the quoted
velocity dispersion σVLOS (at least for NGC 7078), there are lo-
cations on the master frame where the systematic effects are
even larger than σVLOS , so this may affect dynamical studies of
the spatially-dependent kinematics. By contrast, other scien-
tific studies, e.g. those focusing on differences in kinematics
between different sub-populations of the cluster, won’t be af-
fected by these systematic trends. Locally the PM of stars of
different populations will be biased in the same way.
The user of the catalogs can decide to simply not include

stars in any high-mean PM regions in the analysis, but it can
be tricky to carefully choose which stars are good and which
stars are not. The choice depends on the specific scientific
needs. In order to make our PM catalogs useful for a wide
range of scientific investigations, the PMs in our catalogs are
offered in two ways: the amplifier-based PM measurements
discussed so far, and the locally-corrected PM measurements
obtained as described in the following Section.

7.3. Local Corrections
Local PM corrections can be obtained in two ways: (1) “A-

priori”, by using a local sample of reference stars to compute
the linear transformations from each single-exposure catalog
on to the master frame (the so-called local-transformation ap-
proach, see e.g. Anderson et al. 2006; Bellini et al. 2009);
(2) “A-posteriori”, by locally correcting the PM of each star
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Figure 11. The top panels show two-dimensional maps of the locally-averaged µα cosδ (a) and µδ (b) components of the PM, as a function of positions with
respect to the cluster center (in units of arcsec). Stars are color-coded according to their locally-averaged PM, according to the color bar on the top-right. Bottom
panels show the same after we applied our local correction described in Section 7.3.

TABLE 6
LOCALLY-CORRECTED, LOCAL AVERAGE PM STATISTICAL QUANTITIES

Unit Minimum Median Maximum Semi-inter.
µα cosδ

pixelyr−1 −0.0024 0.0000 0.0028 0.0004
masyr−1 −0.0992 0.0007 0.1100 0.0149
kms−1 −4.8954 0.0345 5.4230 0.7345

kms−1/σVLOS −0.3625 0.0026 0.4017 0.0544
µδ

pixelyr−1 −0.0026 0.0000 0.0027 0.0004
masyr−1 −0.1063 0.0010 0.1063 0.0151
kms−1 −5.2454 0.0493 5.2406 0.7444

kms−1/σVLOS −0.3885 0.0037 0.3882 0.0551

by the net motion of its surrounding neighbors. Our adopted
local PM correction is of the latter kind.
Surrounding neighbors are chosen as follows. For each star

in the PM catalog, we identify surrounding cluster stars within
600 pixels and within ±0.5 mF606W magnitudes from the tar-
get star (to mitigate the impact of both uncorrected geometric-
distortion and uncorrected CTE residuals). Then, we compute
the 3.5σ-clipped median value of each component of the mo-
tion for these neighbors: µα cosδ and µδ. We correct the mo-
tion of the target star by subtracting these values. If there are
less than 50 neighbor stars, no correction is applied. If there
are more than 150 neighbor stars, we compute µα cosδ and
µδ values using only the closest 150 stars.
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NGC 7078 (M 15) PM Catalog overview

Bellini et al. 2014, submitted to ApJAndrea Bellini
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M 15
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Part IV: Scientific results
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(a) (b) (c)

(d) (e) (f)

Internal motions

Bellini et al. 2014, submitted to ApJ

M 15
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Cluster rotation (NGC 104)

Bellini et al., in preparationAndrea Bellini
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Multiple-population kinematics (NGC 2808)

Bellini et al., in preparationAndrea Bellini
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Absolute motion (NGC 6681)

Fig. 3.— The upper panels show the Vector Point Diagrams (VPDs) of the relative PMs. In the lower panels the
CMDs corresponding to the selections applied in the VPDs are displayed. First column: in the VPD the different
populations are indicated with different colors (a sample of cluster members in blue, of Sgr dSph stars in red, of the
field in green), but no selection is applied. The corresponding CMD shows the entire PM catalog. Second column: in
the VPD cluster members are selected within the blue circle and the corresponding CMD displays only well-defined
cluster evolutionary sequences. Third column: Sgr dSph selection within the red circle and corresponding CMD.
Fourth column: the selection in the VPD (in green) of the bulk-motion of field stars and their location on the CMD.

least 5 out of 13 single-exposure catalogs. The
CMD resulting from these two samples is shown
in Figure 1. The instrumental magnitudes have

been calibrated onto the VEGAmag system using
aperture corrections and zeropoints reported in

4

Fig. 7.— VPD of the absolute PMs. The red dots indicate the selected background galaxies (see also Fig. 5), whose
mean motion corresponds to the zero point of the VPD. The blue ellipses are centered on the measured absolute PMs
of the three populations (marked with a blue cross) and their size corresponds to the calculated 68.3% confidence
region. The black arrows indicate their absolute PM vectors. In the proximity of the Sgr dSph estimate, the PM value
predicted by Law & Majewski (2010) is shown as a light green dot, while the Pryor et al. (2010) and Dinescu et al.
(2005) measurements and their 68.3% confidence regions are shown as magenta and dark green ellipses, respectively.
Finally, the cyan ellipse describes the prediction on the PM of the field population by the Besançon model, which
differs from our estimate obtained using the stars in the same magnitude and color range (marked with black crosses,
see the text for the selection criteria).

is:

(µα cos δ, µδ) = (−2.54±0.18,−1.19±0.16)mas yr−1.
(3)

We compared this value with previous es-

10

Massari, Bellini, et al. 2013, ApJ, 779, 81M

Andrea Bellini
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Figure 7. Kinematic results for NGC 104, NGC 288, NGC 362 and NGC 1851. Left: 1D velocity dispersion profiles, the same as the top panel of Figure 4.
Middle: 1D velocity anisotropy profiles, the same as the bottom panel of Figure 4. Right: 2D velocity dispersion maps, the same as the middle panel of Figure 5.

discrepancy. A central dispersion of 5.5 km s-1for an object
at a distance of 8.1 kpc (both from Harris 2010), corresponds
to 0.14 mas yr-1. This is markedly lower than the dispersion
profile that we measure for NGC 7099 (see Figure 12). Re-
call, that for this cluster, it was not possible to calculate lo-
cal corrections; we believe that local inhomogeneities have
added extra scatter to the proper motion measurements and
artificially increased our dispersion estimates.

As a second test of our results, we compare our central
dispersion predictions from McLaughlin & van der Marel
(2005)5. They fitted models to cluster surface brightness pro-
files and used the fits to derive structural parameters and pre-
dict kinematic properties. They used three classes of models
– King models, Wilson models and power-law models – and

5 NGC 5927 and NGC 6624 are not included in this comparison as they
were not part of the McLaughlin & van der Marel (2005) study.
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Figure 8. The same as Figure 7 for NGC 5139, NGC 5904, NGC 5927 and NGC 6266.

we consider all three predictions here.
We show the results of our comparisons in the bottom panel

of Figure 13; the King model predictions are shown as red
points, the Wilson model predictions as green points and
the power-law model predictions as blue points. The dotted
line highlights where our central dispersion estimates and the
McLaughlin & van der Marel (2005) model predictions are
equal. As before, we use the distance estimates from Har-
ris (2010) to convert our dispersions estimate from mas yr-1

to km s-1. Once again, the dispersions are generally in good
agreement, as most points fall along the 1:1 correspondence
line with little scatter. However, we note that now we tend to
underestimate the central dispersions more than we overesti-
mate.

We consider briefly the two outliers from the Harris (2010)
comparison. Unlike before, our estimate for NGC 6715 is in
very good agreement with the McLaughlin & van der Marel
(2005) predictions; this lends further weight to our assertion
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Figure 8. The same as Figure 7 for NGC 5139, NGC 5904, NGC 5927 and NGC 6266.

we consider all three predictions here.
We show the results of our comparisons in the bottom panel

of Figure 13; the King model predictions are shown as red
points, the Wilson model predictions as green points and
the power-law model predictions as blue points. The dotted
line highlights where our central dispersion estimates and the
McLaughlin & van der Marel (2005) model predictions are
equal. As before, we use the distance estimates from Har-
ris (2010) to convert our dispersions estimate from mas yr-1

to km s-1. Once again, the dispersions are generally in good
agreement, as most points fall along the 1:1 correspondence
line with little scatter. However, we note that now we tend to
underestimate the central dispersions more than we overesti-
mate.

We consider briefly the two outliers from the Harris (2010)
comparison. Unlike before, our estimate for NGC 6715 is in
very good agreement with the McLaughlin & van der Marel
(2005) predictions; this lends further weight to our assertion

Watkins L. L., Bellini A., et al., in preparation
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Figure 12. The same as Figure 7 for NGC 7099.
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Figure 13. Comparisons of our central dispersions with literature estimates.
Top: central dispersion from Harris (2010) vs our central dispersion. The line
for which the estimates are equal is marked as a dotted line. Bottom: central
dispersion from McLaughlin & van der Marel (2005) vs our dispersion.

where ✏ = 0 indicates a perfectly round cluster and increasing
✏ indicates increasingly flattening clusters. The minor-major
anisotropy reflects the difference in the velocity dispersions
along the major and minor axes, where �minor/�major = 1 in-
dicates isotropy, �minor/�major < 1 indicates a preference for
motion along the major axis and �minor/�major > 1 indicates a
preference for motion along the minor axis.

To determine the major-axis and minor-axis directions, we
use position angles from White & Shawl (1987). We then cal-

Figure 14. The ratio of the dispersion measured at the core radius �core to
that measured at the half-light radius �half as a function of cluster concentra-
tion, as listed in Harris (2010). The red line shows a straight-line fit to the
data. �core/�half is a proxy for the slope of the dispersion profile. There is a
clear correlation such that more concentrated clusters have steeper dispersion
profiles, as expected.

culate the one-dimensional major-axis dispersion �major and
minor-axis dispersion �minor profiles in the same bins that
were used for the analysis of the one-dimensional kinemat-
ics in Section 4.1. Then the minor-major anisotropy is simply
�minor/�major. In order to have a single, representative value
against which to compare ellipticities, we took the weighted
mean of the anisotropies, using the inverse square uncertain-
ties as weights.

Figure 15 shows minor-major anisotropy and cluster el-
lipticity6. The dotted line at �minor/�major = 1 represents
isotropy. There are two clear outliers here: NGC 6535 with
�minor/�major ⇠ 0.9 and NGC 7099 at �minor/�major ⇠ 1.2. Re-
call that both of these clusters have very small datasets after
cleaning, as indicated by their large uncertainties, which may
explain why they do not sit with the rest of the population.

We fit a straight-line to the data points, which we show as
the red line. We see a clear correlation between ellipticity and
minor-major anisotropy. Round clusters (✏ = 0) are isotropic,
while flattened clusters show a small degree of major-axis
anisotropy, that is, their velocity dispersions tend to be larger
along the major-axis than along the minor-axis. So as clus-
ters are elongated along the major axis, it seems that so too

6 NGC 288 is not included in this comparison as it has neither an ellipticity
listed in Harris (2010) nor a position angle listed in White & Shawl (1987).
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Figure 13. Comparisons of our central dispersions with literature estimates.
Top: central dispersion from Harris (2010) vs our central dispersion. The line
for which the estimates are equal is marked as a dotted line. Bottom: central
dispersion from McLaughlin & van der Marel (2005) vs our dispersion.

where ✏ = 0 indicates a perfectly round cluster and increasing
✏ indicates increasingly flattening clusters. The minor-major
anisotropy reflects the difference in the velocity dispersions
along the major and minor axes, where �minor/�major = 1 in-
dicates isotropy, �minor/�major < 1 indicates a preference for
motion along the major axis and �minor/�major > 1 indicates a
preference for motion along the minor axis.

To determine the major-axis and minor-axis directions, we
use position angles from White & Shawl (1987). We then cal-

Figure 14. The ratio of the dispersion measured at the core radius �core to
that measured at the half-light radius �half as a function of cluster concentra-
tion, as listed in Harris (2010). The red line shows a straight-line fit to the
data. �core/�half is a proxy for the slope of the dispersion profile. There is a
clear correlation such that more concentrated clusters have steeper dispersion
profiles, as expected.

culate the one-dimensional major-axis dispersion �major and
minor-axis dispersion �minor profiles in the same bins that
were used for the analysis of the one-dimensional kinemat-
ics in Section 4.1. Then the minor-major anisotropy is simply
�minor/�major. In order to have a single, representative value
against which to compare ellipticities, we took the weighted
mean of the anisotropies, using the inverse square uncertain-
ties as weights.

Figure 15 shows minor-major anisotropy and cluster el-
lipticity6. The dotted line at �minor/�major = 1 represents
isotropy. There are two clear outliers here: NGC 6535 with
�minor/�major ⇠ 0.9 and NGC 7099 at �minor/�major ⇠ 1.2. Re-
call that both of these clusters have very small datasets after
cleaning, as indicated by their large uncertainties, which may
explain why they do not sit with the rest of the population.

We fit a straight-line to the data points, which we show as
the red line. We see a clear correlation between ellipticity and
minor-major anisotropy. Round clusters (✏ = 0) are isotropic,
while flattened clusters show a small degree of major-axis
anisotropy, that is, their velocity dispersions tend to be larger
along the major-axis than along the minor-axis. So as clus-
ters are elongated along the major axis, it seems that so too

6 NGC 288 is not included in this comparison as it has neither an ellipticity
listed in Harris (2010) nor a position angle listed in White & Shawl (1987).

Vanilla distances

Watkins L. L., Bellini A., et al., in preparation

vs. Harris (2010) vs. Mclaughlin & van der Marel (2005)
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Conclusions	



High-precision astrometry with HST is challenging but DOABLE	


- undersampling (PSF)	


- geometric distortion	


- differential nature (local transformations)	



!
!
Scientific projects with HST’s proper motions of GCs	



- Internal kinematics	


- dispersion profiles	


- anisotropy	


- rotation	


- IMBHs	


- …	



!
Our project	



- high-precision (~1 km/s) proper motions in the cores of 22+ GCs	


- preliminary results encouraging and exciting	


- proper-motion catalogs will be made available to the astronomical community	


- Future extension to 60+ GCs thanks to new observations




