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LIGO/VIRGO REVEAL MASSIVE BLACK HOLES
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Question: where do black hole mergers come from?
low metallicity binaries: specific conditions for star formation

Multiple mergers in star clusters: specific conditions 
of star formation
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WHERE ARE LOW-METALLICITY STARS?
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recent star  
formation?

older star  
formation?

dwarf galaxies?

Hubble UDF
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Fornax:  
10 million 

In this paper, magnitudes are dereddened using the Schlegel
et al. (1998) maps, adopting the extinction coef! cients of
Schla" y & Finkbeiner (2011). A heliocentric distance of 8 kpc
to the Galactic center is assumed.

2. THE 3! PS1 SURVEY AND DISCOVERY

With a spatial extent encompassing three quarters of the sky
(" > ! 30¡) , PS1 (K. Chambers et al., in preparation) gives us
an unprecedented panoptic view of the MW and its surround-
ings. Over the course of 3.5 yr, the 1.8 m telescope, equipped
with its 1.4 gigapixel camera covering a 3!. 3 ! eld of view, has
collected up to four exposures per year in each of 5 bands
(g r i z yP1 P1 P1 P1 P1; Tonry et al. 2012). A photometric catalog is
automatically generated with the Image Processing Pipeline
(Magnier 2006, 2007; Magnier et al. 2008), once the individual
frames have been downloaded from the summit. The
preliminary stacked photometry used in this paper has a gP1
depth (23.0) that is comparable to SDSS g-band depth and rP1/
iP1 observations that reach ! 0.5/ ! 1.0 magnitude fainter: 22.8,
22.5 for r and i, respectively (Metcalfe et al. 2013).

Inspired by past searches for small stellar overdensities in
MW and M31 surveys, we apply a convolution technique
(Laevens et al. 2015, in preparation), successfully used to ! nd
new GCs and DGs in the SDSS (Koposov et al. 2007; Walsh
et al. 2009). In a nutshell, we build a mask in (r ! i, i) colorÐ
magnitude space to isolate potential metal-poor, old, and blue
member stars that could belong to a MW satellite at a chosen
distance. This mask is applied to star-like sources in the stacked
PS1 photometric catalog. We then convolve the distribution of
isolated sources with two Gaussian spatial ! lters: a positive
Gaussian tailored to the size of the overdensities we are

searching for (2!, 4!, or 8!) and a negative Gaussian with a
much larger kernel (14!, 28!, or 56!), to account for the slowly
varying contamination of sources that fall within the colorÐ
magnitude mask. By convolving the data with the sum of these
two (positive and negative) ! lters and accounting for the
surveyÕs spatial incompleteness on the arcminute scale, we
obtain maps tracking stellar over- and under-densities in PS1.
We convert these density maps into maps of statistical
signi! cance by comparison with the neighboring regions after
cycling through distances and ! lter sizes. This procedure
already led to the discovery of Laevens 110 (Laevens
et al. 2014) also discovered concomitantly as Crater within
the ATLAS survey by Belokurov et al. (2014). The new
satellite, Lae 2/Tri II, is located ! 20¡ east of M31 and appears
as a 5.2# detection, only slightly higher than our signi! cance
criteria11 of 5# tailored to weed out spurious detections.

3. FOLLOW-UP

To con! rm the nature and the properties of Lae 2/Tri II,
follow-up imaging was obtained with the LBC on the Large
Binocular Telecope (LBT), located on Mount Graham, USA
during the night of 2014 October 17Ð18. With its 23! × 25! ! eld
of view and equipped with 4 CCDs, the LBC are ideal to
follow-up MW satellites that usually span a few arcminutes on
the sky. Imaging was conducted in the g and i bands, making
use of the time-saving dual (binocular) mode using the red and
blue eye simultaneously. Six dithered 200 s sub-exposures

Figure 1.Left: the combined PS1-LBC CMD of all sources within the central 2rh region of Lae 2/Tri II. The single epoch PS1 photometry was used at the bright end
(iP1,0 < 19; squares), with LBC photometry supplementing the faint end (iP1,0 > 19; large dots). The orange dashed line indicates the separation between the LBC and
PS1 data. The red box highlights the clear main sequence of the stellar system, the blue box indicates two possible HB stars, and the green box identi! es likely blue
stragglers. Right: spatial distribution of all sources corresponding to the CMD on the left. Large dots correspond to the stars falling within the red CMD box in the left
panel and show a clear overdensity. The two blue stars indicate the possible HB stars, whereas the red ellipse corresponds to the region within the favored two half-
massÐradius of the system, as inferred below.

10 Following the naming convention established in Bianchini et al. (2015).
11 These also include a check that potential detections do not also correspond
to a signi! cant overdensity of background galaxies (Koposov et al. 2007).
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Magellanic Clouds: 
1 billion stars

MW-like galaxy: 
100 billion stars

DIFFERENT GALAXIES = DIFFERENT METALLICITY
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Z~0.25ZsunZ~Zsun

Z~0.15Zsun

Reticulum II : 
<1000 stars

Z<0.01 Zsun

APOGEE survey

MODELS FOR GRAVITATIONAL WAVE PROGENITORS SHOULD  
CAPTURE COMPLEX STAR FORMATION
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NEW COMBINATION:  
BINARY MODEL + GALAXY MODEL 
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 Binary population synthesis code (BSE, Hurley+2002)

• Input: Initial mass function, distribution of periods and 
eccentricity 

• Simplified current model of binary  evolution  

• Explore metallicity from 1% of Solar to Solar 

• Make database of  final binary black holes(many other 
binaries are possible)
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INGREDIENT: LONG DELAYS TO MERGERS
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• Low metallicity: 
most massive  
remnants 

• higher metallicity : 
long delay

Lamberts+16

LIGO/Virgo 2016
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INGREDIENT: LOW METALLICITY STAR FORMATION
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Lamberts+16

Dwarf galaxy Milky Way
“homemade” semi-analytic model (Lamberts+16)
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BIMODAL FORMATION OF MASSIVE BLACK HOLE 
PROGENITORS
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Lamberts+16, data public, conÞrmed in Elbert+17, Mapelli+17
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STAR FORMATION IN DWARF GALAXIES 
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z=2z=1z=.5z=.2

“invisible” 
 with EM observations GW150914-like

Full sample

Dwarf galaxies

(Lamberts+16)

constant ~7 billion years



(Wetzel+16)

T H E  M I L K Y  W AY

OBSERVATION?SIMULATION?

Gaia DR2

Wetzel+16 
FIRE collab.

Stellar halo/satellites
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GROWING COMPACT BINARIES IN THE 
MILKY WAY
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Star formation history 
Metallicity 
Positions/Trajectory

13 bins: Z=0.005 -1.3 Zsun 
M1,M2, tform, orbit

Final evolution through GW emission

+
Keep track of binary 
compact objects

LIGO/
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WHICH STARS FORM BINARY BLACK HOLES?
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CORRECT STAR FORMATION MATTERS
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MERGERS VS METALLICITY
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IMPACT OF COMPLEX STAR FORMATION
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A MILLION BINARY BLACK HOLES IN THE MILKY WAY
Lamberts+18b

Masses compatible with  
LIGO/Virgo
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STELLAR BINARIES WITH GRAVITATIONAL WAVES
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Now: Virgo/LIGO O3 ~25 binary black holes: statistics soon! 
Importance of star formation models

Cluster 
Mergers  

Origin of mergers? Binaries or clusters? 

Similar method for other  
transients  
CVs, XRB in the MW 
Extragalactic sources

Constraints on binary evolution

Lamberts+, accepted

White dwarf binaries  
P<30 min


