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GHOSTS
!

• GHOSTS samples the resolved stellar populations in the 
outskirts of 18+ nearby disk galaxies with a large HST ACS/
WFPC2/WFC3 survey 

• HST allows us to go to larger distances (more galaxies), denser 
regions (disk outskirts) and larger radii (less contamination) 

• Science goals of GHOSTS: 
• Structure, substructure and metallicities of stellar halos 
• Stellar age/metallicity distributions in disk outskirts 

(scaleheigth/length, disk heating, truncations, warps) 
• Globular cluster systems 

The Survey
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GHOSTS
!

• Populations provide better resolved 
information on ages & metallicities than 
possible from integrated light 

• Fainter surface brightness areas can be 
studies as star counts are not flat-field 
limited, but Poisson noise and 
contamination limited 

• Scattered light (PSF halos) are of no 
concern

Why resolved populations?
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GHOSTS Scattered light: be cautious!

R

>1.5 R

!

• Scattered light (PSF halos) can easily mimic 
thick disks or halos if not properly accounted 
for in integrated light measurements (de 
Jong 2008; Sandin 2014, 2015) 

• The effect is the full 2D convolution of the 
PSF with the galaxy, checking a 1D cross-cut 
is insufficient 

• You need a PSF profile that extends at least 
1.5x further than the radius you are trying to 
measure the galaxy surface brightness 
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GHOSTS
!

• Seeing variations (for r<10 arcsec) 
• Filter dependence (especially i-band) 
• Variations over longer time scales (dusty 

mirror, sky conditions?)  
• Image ghosts, non-symmetric structures 
• Detector diffusion and bias variations 

(HST, Spitzer!) 
• Field location

PSF: other problems
766 R. Michard: PSF far wings and “red halo” in the photometry of galaxies

Fig. 2. Radial profiles of the mean PSF in V and i for two
runs. Abscissae: log r′′. Ordinates: PSF brightness in logarith-
mic scale, with open squares for V in run 1, open circles for V
in run 3, the same filled symbols for i in the two runs. Errors
bars are generally smaller than data points: see Table 2 for es-
timated probable errors. Due to the red halo effect, the i PSF
are well above the V ones. In the 10 months between the runs,
the V PSF far wings strongly brightened, less so for the i PSF,
possibly due to ageing of the mirror coating. Both the colour
and time effects start below r < 10′′ and are maximum in a
range of quite reliable measurements.

measured in different star fields are indeed greater than
found for the same field in different nights.

2.1.4. Comparison with a classical measurement

Our V PSF have been compared with the profile of CdV83
(their Table 4), who derive the far wings from photoelec-
tric drift curves of very bright stars, i.e. γCMa and αCMa.
They express surface brightnesses in an absolute unit, i.e.
B magnitudes per arcsec squ. in the image of a star with
B = 0 outside the atmosphere. Our data were tentatively
converted to this unit with a correction taking into ac-
count the different radial ranges used in the respective
normalizations. The agreement is rather poor, which is
not surprising in view of the large uncertainties in this
kind of measurements. In a large range, drift curve data
of CdV83 lies between our results for run 1 and 3. Our
far wing gradients are however steeper. Also note that the

Fig. 3. Time variations of logarithmic intensities of PSF
wings at selected radii from data in Table 1. Abscissae: time
in months elapsed since mirror coating. Ordinates: residual
brightnesses taken from Table 1, with dots for U , stars for B,
oblique crosses for V , triangles for R and circles for i. For bet-
ter clarity, the data points for V and i are joined by a line,
dotted in the later case. Note that the largest time changes
occur in the radial range of negligible errors.

asymptotic value of the PSF is zero in our case, while in
CdV83 it is finite, and equal to the estimated Rayleigh
scattering at very large elongations.

2.2. Review of PSF properties measured

The empirical results from the present series of PSF mea-
surements will now be reviewed.

1. In the inner radial range, and up to a few arcsec in r,
the form of the PSF are determined by atmospheric
seeing. This is especially true for a site of admittedly
rather poor seeing. Around r = 15 arcsec, the seeing
effects disappear and the PSF are controlled by in-
strumental and atmospheric scattering. At this radial
distance, the PSF in a given pass band and a given run
tend to merge, as shown in Fig. 1;

2. In the range outwards of r = 15, the i PSF is well
above the V PSF. This excess is already apparent near
r = 6′′, or about twice the FWHM of the PSF. The
excess reaches a factor of 3 or more around r = 40
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GHOSTS PSF: R-2 power law profiles

!

• Outside the inner 
~Gaussian core (<10”) 
PSFs behave like          
~ R-2 power laws
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GHOSTS

• This means that the effect is 
essentially independent of galaxy 
size and that you are better off 
measuring intermediate size galaxies

PSF: R-2 power law profiles
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GHOSTS

 

NGC 0247
NGC 0253

NGC 4945
NGC 3031

NGC 0891

NGC 4244
NGC 4565
NGC 4631
NGC 4736
NGC 5023
IC 5052
NGC 5236
NGC 5907
NGC 7793
NGC 7814

NGC 2403

ACS Observations
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GHOSTS ACS Observations

Roelof de Jong (AIP)
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GHOSTS

Roelof de Jong (AIP)

ACS Observations



Roelof de Jong (AIP)

GHOSTS ACS Observations

Roelof de Jong (AIP)
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GHOSTS ACS Observations

Roelof de Jong (AIP)
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GHOSTS ACS Observations

Roelof de Jong (AIP)
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GHOSTS Why HST? - NGC 253

GHOSTS (HST)IMACS (Magellan)

– 34 –

Fig. 9.— Map of the density of TRGB stars in the halo of NGC 253. The map is oriented
with north up and east to the left. The x and y axes are labeled in kpc from the center
of the galaxy. Magenta indicates where the derived density is a lower limit on the true

density. The GHOSTS pointings are denoted with the black squares, the location of the
shelf is shown by dashed lines, and the vertical dotted line denotes the horizontal chip gap,

where the counts are artificially inflated. The dark ellipse at the top is the main body of
the galaxy, where individual sources can no longer be distinguished; an optical image of the

galaxy, to scale, has been overlayed for reference (image courtesy of T.A. Rector/University
of Alaska Anchorage, T. Abbott and NOAO/AURA/NSF). The map was generated using
1 kpc × 1 kpc pixels and then smoothed using the minimum curvature surface. Note that

the mapping between the color scale and density value has been chosen to enhance visibility,
so attention should be paid to the labels on the color bar, which give the logarithm of the

TRGB number density per square degree.

Bailin et al. (2011)
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GHOSTS Why HST?

Blank (high-z) field from archive

GHOSTS Stellar Halo Field

MW halo foreground 
Radburn-Smith in prep.
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GHOSTS Sample Overview
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NGC 0253

NGC 4945
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NGC 49
45
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GHOSTS
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GHOSTS
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GHOSTS
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• Most galaxies fitted with single strongly flattened 
Sersic spheroid and exponential disk
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GHOSTS
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Vrot=89 km/s
Vrot=80 km/s

Vrot=79 km/s

Streich et al. (in prep)
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Fig. 4. Vertical density profiles of the five populations (red - RGB; yellow - AGB, green - lower HeB, cyan - upper HeB, blue - MS) at di↵erent radii in three low mass edge-on galaxies: IC 5052,
NGC 4244, NGC 5023 (left to right). Solid lines are the data with uncertainties, dotted lines are the best sech2 fits. The boundaries of the regions, where the profiles are extracted from, are shown in
Fig. 3 as vertical gray lines.

8

Streich et al. (in prep)
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GHOSTS
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Fig. 4. Vertical density profiles of the five populations (red - RGB; yellow - AGB, green - lower HeB, cyan - upper HeB, blue - MS) at di↵erent radii in three low mass edge-on galaxies: IC 5052,
NGC 4244, NGC 5023 (left to right). Solid lines are the data with uncertainties, dotted lines are the best sech2 fits. The boundaries of the regions, where the profiles are extracted from, are shown in
Fig. 3 as vertical gray lines.
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<0.5 Gyr

0.5–2 Gyr

>3 Gyr

Streich et al. (in prep)
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GHOSTS
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Disk heating at low rateDavid Streich et al.: Extragalactic Archeology with the GHOSTS Survey I.

Fig. 5. Change of the average scaleheight with stellar age. The blue
dashed line show the results of fits of IC 5052 with an additional
spheroidal component included. The dotted lines are power-law z0 / t�
fits to the data, excluding the youngest population, with the power-law
indices � given given on the right.

Table 3. Increase of scaleheights with projected radius.

galaxy population slope rel. flaring Rmax
[pc/kpc] [%] [kpc]

IC 5052 RGB 28±6 37±10 7.1
AGB 11±4 19± 8 7.1

NGC 4244 RGB 9±3 19± 6 11.9
AGB 11±3 27± 9 11.9

NGC 5023 RGB 9±7 14±12 6.8
AGB 12±2 28± 5 6.8

Notes. This table gives the amount of flaring in the older populations
of the three galaxies (younger populations do not flare). The column
”slope” gives the absolute flaring dz0/dR, the column ”rel. flaring” the
relative increase of scaleheight (z0(Rmax) � z0(R=0))/z0(R=0) over the
full observed range in radii, and the column Rmax the maximum galac-
tocentric radius, to which a scaleheight was measured.

The slopes the young populations (MS, upHeB and lowHeB)
are are consistent with zero flaring. The intermediate and old
populations in all three galaxies have very similar slopes of ⇡
10 parsec per kiloparsec, except for the RGB in IC 5052, which
has almost 30 pc/kpc.

3.2. Radial Profiles and 2D Fits

We have also extracted the radial profiles from our data. The pro-
files at di↵erent heights from the midplane are plotted in Fig. 7.
While the profiles do have some irregularities, they can in gen-
eral be described as broken exponentials, with steeper slopes
outside the break.

In two of the galaxies, NGC 4244 and NGC 5023, the scale-
lengths (inside the break) decrease with age, i.e. older popu-
lations are more centrally concentrated than younger popula-
tions. IC 5052 shows the opposite trend and the older popula-
tions have flatter profiles than the young populations (see Fig. 8
and Table 4). Combining the results for scalelength and heights
we get that younger populations are in general thin and radially
extended, while older populations are thicker and radially more

compact, as can be seen in Fig. 11. This is what is seen in the
MW for mono abundance populations, (e.g. Bovy et al. 2012b)

Breaks in Radial Profiles: The break radii for all populations
within a galaxy are approximately the same (within a kpc, see
Fig. 12) and there is no trend with age.

Outside the break the younger populations have steeper pro-
files than older populations. This leads directly to a stronger
break for younger populations; their profiles are rather flat inside
the break and very steep outside, while for older populations the
scalelength changes only little (by about a factor 2-3) across the
break (see Fig. 14).

Table 4. Scaleheights and scalelengths (inside the break) from the 2D
fits of the di↵erent populations.

population IC 5052 NGC 4244 NGC 5023
hr z0 hr z0 hr z0

RGB 3.86 0.61 2.19 0.60 1.84 0.42
AGB 2.89 0.41 2.29 0.49 1.66 0.31
lowHeB 2.50 0.21 6.50 0.44 19.15 0.20
upHeB 1.99 0.19 5.63 0.42 23.42 0.20
MS 1.55 0.23 75.36 0.43 8.46 0.21
[3.6µm] 2.14 0.43 1.84 0.46 1.24 0.30
PAH [8µm] 1.11 0.38 1.77 0.57 1.08 0.35

Notes. All values in kpc.

3.3. Discussion of observed profiles

3.3.1. Irregularities in the profiles:

IC 5052 appears to be lopsided. In Fig. 7 all disk fits for IC 5052
have the center about 1-2 kpc away from the literature value8 of
the galaxy’s center, which is given as the zeropoint of the x-axis
in the figure. The AGB and RGB profiles have their maximum
actually near the literature value of the center, but the center of
the fit is dominated by the central position between the breaks.
In Fig. 15, the contours of young stars and RGB stars of IC 5052
can be seen on a R-band image (Meurer et al. 2006). The inner-
most RGB contours coincide well with the brightest region of the
R-band image and with the HyperLEDA position of IC 5052. In
contrast the center of the outer RGB and the young star contours
is further to the south east and coincide better with the dynami-
cal center of the galaxy, taken from HI observation (Peters et al.
2013).

In the residuals images from our two-dimensional fitted
models (see Fig B.1) the overdensity appears approximately cir-
cular. So we repeated the fits of the RGB and AGB popula-
tions in IC 5052 with the overdensity described by an additional
Sersic-component and evaluated the structural parameters of the
disk again. While the scaleheights and the break radii of the two
component fits are approximately the same as in the one compo-
nent fit, the scalelengths are significantly larger. The results of
the two component fits can be seen in Fig.s 5, 9, 11, 12 and 14
as the dashed line.

NGC 4244 also has an asymmetric radial profile (see Fig. 7).
At the north-eastern end of the disk, there is a break in all pop-

8 from HyperLEDA, http://leda.univ-lyon1.fr/

9

Heating in Vrot~85 km/s galaxies less 
than half the rate of the Milky Way

Streich et al. (in prep)
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Thick disks or stellar halos?
!

• Scaleheight 4x 
RGB thin disk 

• Luminosity <1% 
RGB thin disk

Streich et al. (in prep)
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GHOSTS
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Disk heating in massive galaxies

!

• No sign of ubiquitous thick disks with ~50% 
mass fractions of thin disk 

Streich et al. (in prep)
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GHOSTS Stellar Minor Axis Profiles

• Larger galaxies have fractionally larger envelopes 
• Profiles correlate more with bulge-to-disk ratio than Vrot 
• Inner halos are compact (Sersic n~5) and flat (c/a~0.3)

Vrot ~ 220 km/s

Vrot ~ 80 km/s
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GHOSTS Mass fraction of stellar halos

• Larger galaxies have fractionally larger envelopes 
• Profiles correlate more with bulge-to-disk ratio than Vrot 
• Inner halos are compact (Sersic n~5) and flat (c/a~0.3)

Cooper et al 2013 
van Dokkum & Abraham 2014

NGC891

NGC4565

NGC7814

NGC4244

NGC5023

1010109

IC5052
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GHOSTS
• Next generation spectroscopic survey facility 

selected for the VISTA telescope of ESO 
!

• Specs: 
–  2.7 degree diameter Field-of-View  
–  ~2400 fibres 
–  Resolution R~5000 and R~20,000 
–  Wavelength 390-930 nm 
!

• Permanent survey mode for 5 years with 
many surveys in parallel starting in 2021 

• Will observe >20 million objects in 5 years 
!

• Ideal for complement Gaia mission for MW 
halo studies, eROSITA galaxy cluster dark 
halos and AGN, cosmology surveys, etc.

4MOST - 4m Multi-Object Spectroscopic Telescope

Fibre Positioner

Resolution 
R~5000 
spectrographs

Resolution 
R~20,000 
spectrograph

Wide Field Corrector

VISTA telescope
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GHOSTS
• Obtaining spectra of >106 halo stars allows: 

– Determining the Milky Way 3D potential 
from streams to ~100 kpc 

– Measuring the effect of baryons:  
• has there been significant adiabatic 

contraction? 
• is there a disk-like DM component? 
• does the DM respond to the bar? 

– Determine the mass spectrum of Dark 
Matter halo substructure by the      
kinematic effects on cold streams                
of 103–105 M☉ 

– Extremely metal-poor star abundances 
constrain the nature of first stars

4MOST MW halo survey

Cooper+ (2010)!

Yoon+ (2011)!
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GHOSTS

 

Summary

http://archive.stsci.edu/prepds/ghosts

• Massive disk galaxies of Vrot > 220 km/s have: 
– morphologies that can be fitted by just two components:             

a (broken) exponential disk and a flattened Sersic profile halo 
– halo mass fractions of 20%–70% 
– very flattened (c/a ~ 0.3–0.4) inner halos (<25 kpc) 
– very compact halos with Sersic index 4–6

• Halo parameters, substructure, colours & metallicities covered in 
the next talk by Antonela Monachesi

• Small galaxies of Vrot ~ 80–90 km/s have: 
– no thick disks and small, metal-poor halos (<1% of stellar mass) 
– disk heating rate lower than in Milky Way

http://archive.stsci.edu/prepds/ghosts
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M83: A new dwarf companion?

• M83 surrounded by large       
HI streams 
!
• Possible origin: 

• primordial accretion 
• gas rich satellite 
• tidal stripping

SINGS HI map
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Summary

http://archive.stsci.edu/prepds/ghosts

• Massive disk galaxies of Vrot > 220 km/s have: 
– morphologies that can be fitted by just two components:          

a (broken) exponential disk and a flattened Sersic profile halo 
– halo mass fractions of 20%–70% 
– very flattened (c/a ~ 0.3–0.4) inner halos (<25 kpc) 
– very compact halos with Sersic index n=4–6

• Halo parameters, colours & metallicities covered in the next talk 
by Antonela Monachesi

• Small galaxies of Vrot ~ 80–90 km/s have: 
– no thick disks  
– very small, metal poor halos (<1% of stellar mass)

http://archive.stsci.edu/prepds/ghosts
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GHOSTS MW Globular Clusters

D. Streich et al.: On the relation between metallicity and RGB color in HST/ACS data

Fig. 3. Color of the RGB at two di↵erent absolute magnitude (left and right panels) as function of metallicity. Colors were derived using the median
(method 1). The black/orange solid lines are the fit to the points with error bars. Grey lines are relations for isochrone sets: solid line – Padua,
dashed line – BaSTI, dashed-dotted line – Dartmouth. (The isochrones shown here use solar scaled abundances and are shown for comparison
only.)

Fig. 4. Color of the RGB as function of metallicity, based on the fitted RGBs (method 2). Black circles are for the color at MF814W = �3.5, orange
diamonds for MF814W = �3.0. Small points are for clusters without individual alpha measurements. The dashed lines are the best-fitting functions
as given in the upper left corner.

the color of the RGB. In the following section we will further
investigate these possibilities.

4.2. Analyzing residuals

To look for a possible second parameter that influences the color
of the RGB and produces the scatter in a simple color-metallicity

4

[Fe/H] ~ -1.0
[Fe/H] ~ -1.5–-4.0

Streich et al. (2014)
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Stellar Halo Color Profiles

[Fe/H] ~ -1.0
[Fe/H] ~ -1.5-4.0

• Most galaxies no significant color gradients between 20-80 kpc 
• RGB halos of small galaxies bluer than most metal-poor MW globulars, 

probably younger population

Vrot ~ 200-250 km/s

Vrot ~ 80-120 km/s

Monachesi et al., in prep.


