
GLAO @ Subaru

Globular Clusters & the Galactic Centre

Kim Venn (UVic)

with thanks to Harvey Richer (UBC)



GLAO Workshop, Sapporo - 14 June 2013

Globular Clusters & GLAO Imaging

1. Proper motion cleaning

2. IMBH at cluster centres?

2. White dwarf cooling curve (ages & EoS)

3. WD debris disks & planets?
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Nearby globular clusters at 
distances of <5 kpc 

Velocity diff.s of the cluster to 
the field ~100 km/s, thus
proper motion > 4 mas/year
Easily separate cluster from 
field with <1” resolution.

With good S/N (70) proper 
motions measurable to ~ 0.5 
mas/year  
Internal kinematics

HST 0.04” imaging of 47 Tuc 
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Cleaning 47 Tuc of foreground & SMC stars:
larger GLAO FOV helps! 

remove foreground, etc.
lower main sequence dynamical cleaning.
binary frequency 
Multiple populations / Helium rich branch?
internal kinematics
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Cleaning 47 Tuc shows ends of the WD cooling curve:
Larger FOV helps!

Empirical WD cooling sequence does not fit 
the hottest WD models (MESA, Paxton et al.)

Neutrino or axion cooling important?
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Predictions for IMBH in centre of Omega Cen (M10, etc.)

log r (arcseconds)

Noyola et al. 2010

From IFS spectra,
Noyola et al. 2010
report higher velocity
dispersions in their 
central fields, 

consistent with a
104 MΘ blackhole.

Surface brightness
profile also consistent
with a shallow central
cusp consistent with
an IMBH.
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Yet, no change in proper motion kinematics of inner Omega Cen

Text

Anderson & van der Marel 2010

Also, they relocated the centre of Omega Cen by
12” from Noyola, Gebhardt, and Bergmann 2010

Figure shows there are the same number of high
velocity stars in the centre of the cluster as at 10”.

An IMBH would have induced increasing velocities
towards the center with RMS α R-1/2.

GOOD

ALL
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Are IR excesses Exoplanets, Debris Disks, QSOs, noise?
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WD 

Field WD        WDs in 47 Tuc
           pure WD                                 WD with IR excess

WDs with IR excesses in GCs?
Are these debris disk?, planets?, or
just backgnd quasars, binaries, etc.?

Metal-poor systems would 
require a new way to form planets, 
e.g., perhaps through disk instabilities.
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Proper motion cleaning of Galactic Open Clusters too:
Larger FOV helps!

Harder since OCs more embedded
in the disk, velocities differences with
the field stars is less.

• Disk holds 3/4 of baryonic mass.
• Star Formation History of the disk?
• Gradients in the Galactic disk?
• Changes in gradients with age?
• Universal IMF?
• Universal binary fractions?
• Outer warps, structures, kinematics.
   (e.g., warp vs CMaj dwarf)
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Proper Motion Cleaning of open cluster NGC 188

shows binary sequence
very nicely.
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Pedicelli et al. 2009

Open Clusters indicate metallicity gradients steeper in
the inner Disk, but difficulties in comparing the datasets.
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Galactic Centre & GLAO with Spectroscopy

1. 3D kinematics (RV with p.m.)

2. SMBH - asymmetries?

3. Properties of stars in the Galactic Centre

4. Search for First Stars, remnants, earliest evolution.
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SWEEPS FOV in the Galactic Bulge:
Sagittarius Window Eclipsing Extrasolar Planet Search 

ACS/WFC FOV ~ 200” x 200”
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SWEEPS FOV in the Galactic Bulge:
Sagittarius Window Eclipsing Extrasolar Planet Search 

ACS/WFC FOV ~ 200” x 200”

Proper Motion cleaned CMD of Galactic Bulge (tiny FOV) shows old & metal-rich
(Clarkson et al. 2008)
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But the Galactic Bulge has Structure
Bar and X-shape

Bissantz & Gerhard 2002
Babusiaux & Gilmore 2005
Cabrera, Lavers, et al. 2008
etc.

Red clump stars show
two overdensities along 
the minor axis:

McWilliam & Zoccali 2010
Nataf et al. 2010
Saito et al. 2011
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ARGOS 

ARGOS survey of Galactic Bulge
metallicities, [alpha/Fe], velocity dispersions

Freeman (March 2013 ngCFHT meeting) suggests:
A: thin disk interlopers
B: true boxy/peanut bulge
C: old thick disk which may be part of the bulge 

Ness et al. 2012
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Bulge Spectral Surveys

ARGOS (AAO)                       R ~10,000 optical
ESO Bulge LP (ESO)                R ~ 5000 & 20,000 optical
APOGEE (SDSS-III)                 R ~ 20,000, H-band 
MOSFIRE  ??                                      R ~ 5000

APOGEE only one that uses fibers:
300 low-OH (‘dry’) fused silica fibers with 2” FOV at focal plane,
using VPH gratings & H2RG CCDs (loan from JWST NIRCam)

- Yet these surveys cannot go into crowded fields (no AO),
- Optical surveys have to deal with variable reddening (bad Av) 
- All have bright limiting magnitudes (V<19, H<12). 
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8 Gao et al.

Figure 7. Projected distribution at z = 0 of first star relics
(red), compared to that of the dark matter for the Aq-A-2 halo.
A significant fraction of the stars lie in the central part of the
main galaxy, but some end up in dark matter subhalos. The image
is 1080 kpc on a side, approximately twice the diameter of the
virialised dark matter halo.

Figure 8. Cumulative distribution of second generation, first star
relics, stars at redshift z = 0 for all six Aquarius haloes (colour
lines), compared to the dark matter profile for the Aq-A halo
(dashed black line).

the peculiar abundance pattern characteristic of Pop. III nu-
cleosynthesis. However stars that form later may have been
enriched by the elements produced by the previous gener-
ation of relatively metal rich stars, so that eventually the
net abundance pattern loses its characteristic Pop. III star
signature. To implement this idea we proceed as follows.
We assume that each first galaxy halo contains a fixed total

mass of ‘first star relics’ - stars that form in an envi-

ronment enriched solely by truly primordial stars –
independent of redshift. To trace the location of such stars at
later times, we tag theN = 100 most bound particles at the
time the virial temperature of the halo first exceeds

T = 104 K 5. This assumes that these second-generation
stars form in the centres of such dark-matter haloes. Once a
halo has started forming stars, it will grow in mass, and may
merge with other haloes. The number of first star relics in a
halo will only change if it merges with a halo that contains
its own population of first star relic stars. We continue tag-
ging first star relics in haloes that reach the threshold Tvir

until z = 10, after which we assume that reionisation of the
Universe evaporates all mini-haloes.

In summary, we identify the epoch when a halo is first
capable of sustaining gas that can cool through atomic pro-
cesses and tag its 100 most bound particles as the first star
relics, until z = 10. We can then investigate the spatial dis-
tribution of these first star fossils at any later epoch by trac-
ing the tagged particles. The location of the first star relics
today is illustrated in Fig. 7 where, for clarity, we show only
a fraction of the stars. The image shows that most of the
first star relics end up in the central regions of the halo, but
some survive inside subhalos.

The visual impression gained from Fig. 7 is quantified
in Fig. 8 which shows that the distribution of the first star
relics today (which is similar in all six Aquarius halos) is
expected to be much more concentrated than that of the
dark matter. Fifty percent of these first star relics lie within
20h−1kpc of the centre and ∼ 10 per cent lie inside what
would be the galactic bulge, at r < 2h−1kpc. In contrast,
only ∼ 10 percent of the dark matter lies within 20h−1kpc,
and only about 0.1 percent is at r < 1h−1kpc. Even though
the stars in our simulations are already very concentrated,
earlier models of the remnants of PoP-III stars (White &
Springel 2000; Diemand et al. 2005) suggested they should
be even more concentrated, with almost all of them lying in
the bulge where they would be very hard to detect.

Although most of the first star relics reside in the central
parts of the main halo, a significant fraction end up in dark
matter subhalos. This is interesting because it may be easier
to detect such unusual stars in a nearby dwarf galaxy than
to hunt for them in the crowded surroundings of the Milky
Way bulge.

5.2 Relics of the first galaxies

In this section we investigate the fate of first galaxy halos. As
discussed in Section 4.2, these are dark matter halos which
formed before z = 10 and have Tvir > 104 K. We are partic-
ularly interested in descendants which today are to be found

5 We verified that our final results do not depend strongly on the
arbitrary choice of N .

Reason to Survey Stars *in* the Galactic Centre

Gao et al. 2010

Search for remnants of the First Stars:

- linked to Cosmic Dawn, reionization
- early chemical evolution in the Universe
- remnants may at centres of galaxies
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First Stars may have bimodal mass distribution
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clumps is likely to be limited to the formation of binary or
small multiple systems.

In the primordial gas, most of the parent clump mass is
expected to accrete onto the subclumps that will evolve into
Population III stars because metal-free (dust-free) gas is
impervious to strong radiation pressure (K. Omukai 1999,
private communication). Thus, the masses of Population III
stars are anticipated to become comparable to the masses of
the clumps.

As mentioned in the previous section, the dependence of
the clump mass on the initial density exhibits a step around

cm~3. Then, the IMF of Population III stars isn0 D 105
likely to be low-mass deÐcient and double-peaked at m

p1 \
1È2 and few times 10È102 (The Ðrst peakM

_
m

p2 \ a M
_

.
is consistent with the estimates by Uehara et al. 1996 and
Nakamura & Umemura 1999. The clumps around the
second peak have similar masses to those obtained by Abel
et al. 1998 and Bromm et al. 1999.) The masses of the
clumps probably increase by merging with themselves. The
resultant mass spectrum could have two power-lawÈlike
components with di†erent peaks of andm

p1 D 1È2 M
_few times 10È102 It should be noted that them

p2 D a M
_

.
relative height of the Ðrst peak probably descends with time
compared to that of the second peak because the initial
densities of the Ðlaments decrease with time. In other words,
at higher redshifts or for higher p density Ñuctuations, the
contribution of the lower mass component is more signiÐ-
cant in the IMF. It is also interesting to mention that the
low-mass part of the IMF resembles the IMF of halo white
dwarfs proposed by Chabrier et al. (1996).

6. METAL ENRICHMENT

As discussed in ° 5, Population III stars are expected to
be low-mass deÐcient compared to present-day stars, and
their IMF is likely to be bimodal with peaks of m

p1 D 1È2
and few times 10È102 In Figure 8 weM

_
m

p2 D a M
_

.
show a schematic IMF of Population III stars.

If each component of the IMF is approximated by a
simple power law with a sharp cuto†, then the IMF of
Population III stars is expressed as

dN
d log m

\ d(Nlow ] Nhigh)
d log m

, (16)

where

dNlow
d log m

\ 456
0
0

Am~a for m º m
p1 ,

0 for m \ m
p1 ,

(17)

dNhigh
d log m

\ 456
0
0

Bm~b for m º m
p2 ,

0 for m \ m
p2 ,

(18)

where the value of is somewhat arbitrary because itm
p2depends on the initial densities of the Ðlaments. The relative

heights of two peaks are also related to the power spectrum
of the cosmological density Ñuctuations. If the power
indices of the IMF are greater than unity (a and b [ 1), then
the numerical constants A and B are approximated as

A D (a [ 1)ivMtotal mp1a~1 (19)

and

B D (b [ 1)(1 [ i)vMtotal mp2b~1 , (20)

FIG. 8.ÈSchematic IMF of Population III stars. Solid and dashed lines
are the IMFs for 3 p and 1 p density Ñuctuations, respectively. The IMF of
Population III stars is likely to be bimodal and approximated by a super-
position of two power-lawÈlike components with two di†erent peaks of

and few times 10È102 The relative height ofm
p1 B 1È2 M

_
m

p2 B a M
_

.
the Ðrst peak descends with time compared to the second peak. According
to a recent theory of stellar evolution, stars with masses between 1È2 and 8

are likely to evolve to white dwarfs that may reside in galactic halos asM
_baryonic dark matter. Stars with masses between 8 and 35 probablyM

_evolve to supernovae and eject heavy elements in the intergalactic medium.
Stars with masses between 35 and 102 and greater than 250 areM

_
M

_likely to collapse into black holes and may be responsible for baryonic
dark matter. Stars with masses between 102 and 250 probably explodeM

_as supernovae and inject heavy elements into the intergalactic medium.

respectively, where is the parent cloud mass, v is theMtotalstar formation efficiency in the cloud, and i is the ratio of
the mass contained in the lower mass component to the
total stellar mass.

According to recent theoretical studies on the evolution
of metal-free stars, the massive metal-free stars with masses
of (1) 10 and (2) 150M

_
[ Mstar [ 35 M

_
M

_
[ Mstar [

can enrich the intergalactic medium through250 M
_supernova explosions (e.g., Heger et al. 2000). Roughly

speaking, the former star ejects about 10% of its total mass
(D1 as heavy elements through a supernova, while theM

_
)

latter ejects about 50% (D75 M
_

).
Then, the metallicity produced by Population III stars

can be estimated from the IMF (eq. [16]) as functions of v,
i, a, and b. When the power indices are tentatively assumed
to be equal to each other (a \ b), the metallicity is evaluated
as

Z D
C

3.9 ] 10~3 Z
_

A i
0.5
B] 2.2 ] 10~2 Z

_

A1 [ i
0.5

BD
]
A v

10~2
B

for a \ b \ 1.35 , (21)

Z D [3.3 ] 10~4 Z
_

A i
0.5
B] 9.3 ] 10~3 Z

_

A1 [ i
0.5

BD
]
A v

10~2
B

for a \ b \ 3 , (22)

where we took the second peak of When them
p2 \ 50 M

_
.

contribution from the high-mass component is more signiÐ-

Nakamura & Umemura 2001 

If fractionation occurs:
(e.g., Schneider 2004, 2006,  
Clark et al. 2008).

in high density regions,  H2 
cooling becomes optically thick 
and the cloud fragments

or, dust formation in pair 
instability supernovae can lead to 
efficient cooling and 
fragmentation

0.08 Mo stars would still exist 
today
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RAVEN MOAO @ Subaru

e.g., H < 16, ΔH > 2 within 2”, SWEEPS field (T. Brown)
but this is a tiny FOV of the Bulge, and off centre.   Larger FOV would be valuable!
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[Fe/H] = -2.5

[Fe/H] = -1.5

[Fe/H] = -0.5

Thus, AO-IR spectroscopic survey of the Galactic Bulge 
R=2000 will be okay for [Fe/H] > -2.5                   --> an IR SDSS?
R=5000 okay for [alpha/Fe] in the IR?                    --> unknown if features available or errors
R>20,000 for [X/Fe]                                            --> APOGEE (bright) calibrations.
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How do you know if you got a First Star?

NUCLEOSYNTHESIS IN POPULATION III 541

low a density for much additional electron capture or posi-
tron decay (Arnett & Truran 1969 ; Truran & Arnett 1971 ;
Arnett 1973).

This neutron deÐciency imprints a distinctive signature
on the nucleosynthesis of Population III pair-instability
supernovae that is even more extreme than seen in metal-
free stars of lower mass.

3.3. Integrated Nucleosynthesis
In Figure 3, the individual isotopes in Table 1 have been

summed, divided by the mass ejected (equal to the mass of
the star in the present study), and the resultant elemental
mass fraction integrated over an estimated Salpeter-like
(Salpeter 1959) IMF for the assumed progenitor stars of the
helium cores (° 3.1) and divided by their solar mass fraction.
We show the result of this integration for three di†erent
slopes, c \ [0.5, [1.5, and [3.5 of the IMF, where c is
deÐned by the number of stars formed per mass interval,
c 4 1 ] d log N/d log M. The ““ dot ÏÏ indicates the middle
value, connected by lines, and the ““ thick ÏÏ and ““ thin ÏÏ ends
of the triangle show the shallower and steeper IMF slopes,
respectively.

The results, shown in Figure 3, are not very sensitive to
the slope of the IMF since we are only studying stars in a
limited mass range (a factor of 2 from the lowest to the
highest mass considered). The dependence of the integrated
production factor on the element number Z shows the odd-
even e†ect discussed in ° 3.2 and quantiÐes it to be from 1
order of magnitude for iron group elements to 2 orders of
magnitude for some of the intermediate-mass elements. The
iron group shows a smaller e†ect because of the weak inter-
actions that occur in the central regions of the more massive
cores because they reach high density during their bounce.

Given the unusual nature of the synthesis site (pair insta-
bility supernovae are not generally thought to be the domi-
nant site where solar abundances were produced), the
overall approximate agreement of the yields with the solar
abundances of elements with even charge is somewhat sur-
prising. The nuclear properties of the elementsÈtheir
binding energies and cross sectionsÈare apparently as

FIG. 3.ÈProduction factors for very massive stars (helium cores of
65È130 corresponding to initial masses of D140È260 integratedM

_
, M

_
)

over an IMF and compared to solar abundances as a function of element
number Z. The integration assumed a Salpeter-like IMF with three di†er-
ent exponents : [0.5 (thick end of triangle), [1.5 (solid dot), and [3.5 (thin
end of triangle).

important as the stellar environment. However, there are
di†erences. For example, Si and S are overabundant com-
pared to O, Fe, and Mg. As noted in ° 3.2, elements above
Ni are essentially absent. Above Ge, the numbers are all
below the lower bound of the plot, and their abundance
decreases exponentially with mass number.

This conÑicts with observations that show appreciable
r-process elements present even in very metal-deÐcient stars
(see, e.g., Burris et al. 2000), at least for [Fe/H] Z [2.9.
Since we believe that the r-process requires neutron starsÈ
one way or anotherÈfor its production, the synthesis of
elements by lower mass stars must also be considered. That
is, no matter what the IMF for Population III, abundances
at could not have been made solely by pair-[Fe/H] Z [3
instability supernovae.

Also, lacking any hard evidence of what the IMF for
Population III was like, one cannot preclude a truncation
somewhere within the mass range MHe \ 64, . . . , 133 M

_
.

Taking away the stars above could clearlyMHe \ 90 M
_give an arbitrarily large production factor for oxygen and

intermediate-mass elements compared to the iron group.
To explore further the consequences of an admixture of

lighter Population III stars, we included in our integration
the yields of the ““ Z series ÏÏ of Population III supernovae
studied by Woosely & Weaver (1995), metal-free stars in the
mass range 12È40 Figures 4 and 5 show the conse-M

_
.

quences of including these stars with two di†erent choices of
explosion energy. For larger explosion energies, less fall-
back occurs, and more iron group elements are ejected. In
the higher mass stars that tend to make black holes, more
explosion energy ejects more heavy elements of all kinds.
This explains the di†erence between Figures 4 and 5. We
also assume, as the calculations suggest, that for reasonable
supernova energies, no heavy elements are ejected in the
explosion of Population III stars over 40 (Fryer 1999).M

_

FIG. 4.ÈProduction factors for massive stars (12È40 dotted line,M
_

;
open triangles) integrated over IMF and compared with solar abundances
as a function of element number. The yields are taken from Woosely &
Weaver (1995), and in this plot we use the low explosion energy primordial
models of the ““ A ÏÏ series, Z12A, Z15A, . . . . The solid line and Ðlled tri-
angles give the same integration but also including exploding very massive
stars (D140È260 In the mass range 40È100 essentially the wholeM

_
). M

_helium core falls into a black hole, ejecting only the unprocessed envelope.
In the mass range 100È140 some of the outer layers of the helium coreM

_may be ejected, adding to the carbon and oxygen yields and maybe a little
to the neon and magnesium yields but not to the heavier elements. The
IMF is assumed Salpeter-like with an exponent of [1.5.

Heger & Woosley 2010

Predict a unique chemical pattern : no elements > Zn
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First Star Candidates will require TMT HRS
but GLAO + IR spect would identify candidates 

and connect us to Cosmic Dawn.
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GLAO Workshop questions:

Two science cases:  - proper motion cleaning (WF imaging)
                  - first star remnants (spectroscopy)

Q1.  WF imager (p.m.) & MOS (R~5000, GCentre)
Q2.  prefer <0.1” for proper motion cleaning 
Q3. GLAO & TMT (preselect first star candidates)
Q4. GLAO & JWST (IMBH easier with JWST).

Qa. Will need spectroscopy for GCentre.  
      Not MOIRCS, too low spectral resolution (+other cons)


