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Expérience de Recherche d’Objets Sombres	

•  1m telescope in Chile	
•  Wide-field cameras R & B 

-> 32Mpix each	
•  7 years operation	
•  50 Terabytes of data	
•  850,000 images processed	
•  ~77 106 stars measured 

300 to 500 times	
•  EROS1 (1990-1994)	
•  EROS2 (1996-2003)	



Spiral arms fields	
	29 fields in 4 zones away from Galactic center : 13x106 stars	

Stars (106)   3.0 	         2.4	          	 	 	5.2   	          	2.3	
Field (°)2      4.5 	         3.8	                     	 	8.8 	   	4.0	
Image #	    2x268     2x277 	        	 	2x454 	 	2x375	



Specific difficulties compared with �
LMC/SMC/GC searches	

1:	Lenses	belong	to	several	structures	

•  Bulge	

•  Thin	disk	

•  Thick	disk	(?)	

•  Bar	(extension?)	

•  Halo	

•  Spiral	arms	
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Galactic center	

2:	Source	distances	widely	distributed	!	
•  Also	strong	and	very	variable	interstellar	
absorp4on.	For	example:	red	giant	clump	not	well	
defined	in	magnitude-color	diagrams	of	spiral	arms	

Gamma Normae	

-> Use concept of τ(catalog), instead of τ(distance)	



Spatial distribution �
of the 27 events found in 7 years	

θMus	
γNor	

γScu	 βScu	

See Rahal et al. (EROS coll.) A&A500, 1027 (2009) 	



Ingredients for a full interpretation	
•  The EROS observations: CMDs, τ, tE distribution	

–  CMD described with (mean stellar surface density, <color>)	
–  τ, and tE distribution described with (τ, <tE>)	

•  Knowledge of the selection effects	
–  Effective field	
–  Stellar detection efficiency	
–  Photometric uncertainties	
–  Microlensing efficiency	

•  Galactic density models (shape and mass of each structure), 
built to fit all known observations	

•  Stellar luminosity distribution -> for source population	
•  Stellar mass distribution (IMF) -> for lens population	
•  3D absorption map -> ESSENTIAL	



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

22 21 20 19 18 17 16 15

I
C

σ
φ
/φ

b
a

s
e

photometric 
resolution 	

Microlensing 
detection 
efficiency 	

Deep understanding of the detector	

IC	
Stellar	

detection 
efficiency	

From EROS / HST	
comparisons	

Effective field of view	



Simulation: Sources	
•  Density models: 

Besançon / simple 
home-made	
–  Disk(s)	
–  Bar (φ = 13°)	

•  Local CMD built from 
debiased Hipparcos	
–  Use only objects within 

their completion distance 
(such that V<7.5)	

–  Assume same CMD 
within the disk	

•  3D extinction map	
–  Marshall et al. 2006	
Fast spatial variations 	
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Simulation: Lenses	
•  Density models: Besançon / 

simple home-made	
–  Disk(s)	
–  Bar (φ = 13°)	

•  Kinematics from the galactic 
models -> VT	
–  disk orbital velocity	
–  Maxwellian V in bar	
–  Peculiar velocities have 

negligible impact	
•  IMF -> RE	

–  Modified Chabrier (m0 # 0.2)	
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checked that the EROS red-giant clump distance measurements
are in fact compatible with the small values of � recently pub-
lished (Robin et al. 2012, Wegg et al. 2015), as discussed in the
following sections.

The hypothetical thick disk is also considered in our model,
and we will fit its fractional contribution fthick to the galactic
structure. This disk is modelled as the thin disk (Eq. (14)), with
⌃thick = 35M�pc�2, Hthick = 1.0kpc and Rthick = 3.5kpc.

The IMF of the stellar population is taken from
Chabrier 2004 (Eq. (A.9)). We have already mentionned that we
expect the microlensing duration to be especially sensitive to the
low-mass side of the IMF of the lens population. We therefore
define a tunable function for the low-mass side IMF (m  M�),
by introducing a parameter m0 (with value m0 = 0.2M� for the
regular Chabrier IMF):

⇠(log m/M�) = 0.093 ⇥ exp
"�(log m/m0)2

2 ⇥ (0.55)2

#
, f or m  M�

(16)
and we fit this parameter to our microlensing duration data

in Section 6.
We use the following kinematical parameters:

– The radial (axis pointing towards the Galactic center), tan-
gential and perpendicular solar motions with respect to the
disk are taken from (Brunthaler et al. 2010):

v�r = 11.1+0.69
�0.75, v�✓ = 12.24+0.47

�0.47, v�z = 7.25+0.37
�0.36 (km/s).

(17)
We found that the microlensing duration distribution ob-
tained in our simulation is almost insensitive to the exact
values of these parameters.

– The global rotation of the disk is given as a function of the
galactocentric distance by

Vrot(r) = Vrot,� ⇥
2
6666641.00767

 
r

R�

!0.0394

+ 0.00712
3
777775 , (18)

where r is the projected radius (cylindrical coordinates), and
Vrot,� = 239 ± 7 km/s (Brunthaler et al. 2010).

– The peculiar velocity of the (thin or thick) disk stars is de-
scribed by an anisotropic Gaussian distribution with the fol-
lowing radial, tangential and perpendicular velocity disper-
sions (Pasetto et al. 2012a and Pasetto et al. 2012b):

�thin
r = 27.4 ± 1.1 km/s �thick

r = 56.1 ± 3.8 km/s

�thin
✓ = 20.8 ± 1.2 km/s �thick

✓ = 46.1 ± 6.7 km/s (19)

�thin
z = 16.3 ± 2.2 km/s �thick

z = 35.1 ± 3.4 km/s

We also found that the microlensing duration distribution is
insensitive to the exact values of these parameters.

– The transverse velocity distribution of the bar stars is given
by

fT (vT ) =
1
�2

bar

vT exp
0
BBBB@�

v2
T

2�2
bar

1
CCCCA , (20)

with �bar ⇠ 110 km/s.

4.2.2. The Besançon Galactic model

In this model (Robin et al. 2003, with updated parameters from
Robin et al. 2012), the distribution of the matter in the Galaxy is
described by the superposition of 8 thin disk structures with dif-
ferent ages, a thick disk component and a central (old) bar struc-
ture made of two components (Robin et al. 2012). We consider

the updated model from (Robin et al. 2012) that looks specifi-
cally adapted to the galactic plane, and chose the fitted parame-
ters associated with a two ellipsoid bar (Freundenreich (S) plus
exponential (E) shapes). All the parameters from this model can
be found in the Appendix B, to allow any useful comparison with
our simple model.

4.2.3. From the local CMD and the mass density to the
stellar distribution

The mass densities are then converted into stellar number den-
sities, distributed according to our debiased Hipparcos-CMD
(Section 4.1). The number density of stars scales with the stellar
mass density, such that the total number density of stars within
0 < MV < 8 equals the total mass density within the correspond-
ing mass interval [0.65, 2.8]M�, divided by the mean stellar mass
in this interval, as computed from the IMF. We finally take into
account the fact that ⇠ 2/3 of those stars are in binary systems, as
discussed in Section A.1. This 2/3 poorly known factor, as well
as the exact mass to stellar number ratio can both be absorbed
in a global renormalisation factor, and our simulated catalog has
been tuned to precisely reproduce the local (debiased) observed
hipparcos-CMD.

We have now in hands the full description of stellar num-
ber densities according to the mass densities and the debiased
hipparcos-CMD, that is our initial ingredient to simulate EROS-
like CMDs.

4.3. Extinction

We now have to consider the absorption model to simulate the
e↵ects of distance and reddening of the sources in expressions
(10) and (13).

After generating the position and the type of a star, we esti-
mate the extinction due to dust along the line of sight by using
the table provided by (Marshall 2015). This 3D table provides
AK , the extinction in KS in the (b, l) = (±10�,±100�) domain,
up to ⇠ 15kpc, with 0.1� angular resolution and 0.1 kpc distance
resolution. We use the following relations to transpose the AK
into I and V passbands:

AV = 8.55 ⇥ AK , AI = 4.70 ⇥ AK , AV�I = 3.85 ⇥ AK . (21)

We compared the extinctions from this table with the 2D-
table of (Schlegel et al. 1998) (through extrapolation at infinite
distance), which is notoriously imprecise toward the galactic
plane, and with the calculator of (Schlafly & Finkbeiner 2011)3.
We found that up to ⇠ 5 kpc, the extinctions in I from
(Schlafly & Finkbeiner 2011) are compatible with the Marshall
table, although systematically lower. At larger distances, the es-
timates depart from each other, and extrapolations at large dis-
tance from Marshall table are much larger than estimates from
both (Schlegel et al. 1998) and (Schlafly & Finkbeiner 2011).
Nevertheless, as discussed in section 5.1, we found necessary
to correct for systematic and statistical uncertainties the extinc-
tions of the Marshall table, in order to get synthetic CMDs of
I < 18.4 stars that match correctly the observed ones (compare
Fig. 5 with Fig. 8); indeed, because of the large multiplicative
factor relating AV and AI to AK , a small error on AK has a very
significant impact on the apparent position of a star in our CMD.
Fig. 10 shows the average extinctions in V along the lines of
sights, as a function of the distance to the source, after tuning
the model parameters according to our fitting procedure.

3 https : //ned.ipac.caltech.edu/help/extinction law calc.html



Fit to the observations	

•  Consider only stars with I < 18.4 to have the best 
control on detection efficiency	

•  Use simulation to connect 3-4 physical parameters 
(φbar, Mthick disk, IMF, kinematic deviations…)�
with 16 observables: 4 x (ρ*, <V-I>, τ, <tE>)	

•  Minimize differences (simulation%observed) from 
linearised χ2 with ∂(observable)/∂(parameter)	

-> Necessary to adjust mapped extinctions by 
assuming 4 syst. & 1 stat. uncertainties (5 parameters)	



Results: CMD	
Data	

DATA	
BESANCON	

SIMPLE MODEL	



Results: CMD	
Simulation	

DATA	
BESANCON	

SIMPLE MODEL	



	
Results: Microlensing τ and tE distributions	
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Fig. 11. The Einstein duration tE distribution of the microlensing events
expected by assuming 4 di↵erent IMFs: the standard Chabrier (black),
the Besançon model (red), the modified Chabrier (with m0 = 0.57,
green), and the Kroupa IMF (blue).

Fig. A.1. The Hipparcos absolute magnitudes vs distance distributions
(up=MV , down=MI). The red curves indicate the absolute magnitude
completeness limit as a function of the distance. The vertical line shows
our distance limit to get the local stellar population. The horizontal full
lines at MV = 0 and MV = 6 correspond to the domain that contains
enough stars from the Hipparcos catalog to allow our debiasing proce-
dure.

Fig. A.2. The Hipparcos absolute colour-magnitude diagram in MIC vs
(V� I)J . The black squares correspond to the full catalogue (statistically
biased). The red squares correspond to the sub-sample of stars closer
than 50pc; this sub-sample is statistically unbiased only for absolute
magnitude MV < 4.0 (corresponding to MI < 3.1, above the horizontal
line in the diagram). Note that the size scales are di↵erent between the
red and black squares for readability.

Fig. A.3. 2D and 3D distributions of the Hipparcos objects within 50 pc.
The excess towards (↵ = 67� � = 16�) corresponds to the Hyades open
cluster.
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<tE>=59+/-6 days	
Best fit 55	
Krupa 42	

<tE>=47+/-6 days	
Best fit 50	
Krupa 38	
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green), and the Kroupa IMF (blue).
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(V� I)J . The black squares correspond to the full catalogue (statistically
biased). The red squares correspond to the sub-sample of stars closer
than 50pc; this sub-sample is statistically unbiased only for absolute
magnitude MV < 4.0 (corresponding to MI < 3.1, above the horizontal
line in the diagram). Note that the size scales are di↵erent between the
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Fig. A.3. 2D and 3D distributions of the Hipparcos objects within 50 pc.
The excess towards (↵ = 67� � = 16�) corresponds to the Hyades open
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<tE>=57+/-10 days	
Best fit 55	
Krupa 43	
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(V� I)J . The black squares correspond to the full catalogue (statistically
biased). The red squares correspond to the sub-sample of stars closer
than 50pc; this sub-sample is statistically unbiased only for absolute
magnitude MV < 4.0 (corresponding to MI < 3.1, above the horizontal
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red and black squares for readability.

Fig. A.3. 2D and 3D distributions of the Hipparcos objects within 50 pc.
The excess towards (↵ = 67� � = 16�) corresponds to the Hyades open
cluster.

<tE>=97+/-47 days	
Best fit 81	
Krupa 64	

τobs          =  0.30+.23
-.20    	    0.72+.41

-.28     	          0.49+.21
-.18    	                 0.67+.63

-.52	
τsimple mod.=  0.45 	                 0.43 	                     0.38	                          0.23	
τBesançon   =  0.40 	                 0.44 	                     0.34	                          0.22	

No need for massive spiral structure or thick disk of hidden compact objects	

tE (days)	 tE (days)	 tE (days)	 tE (days)	



γSct and the bar	

•  γSct l.o.s intercepts the bar	
•  Significant contribution 

expected from bar stars for τ	
–  Clearly visible	
–  Weak constraint on orientation, but 

large angle (~ 45°) ruled out	

•  -> Promising way to further 
contrain the bar (through more 
stat.)	
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Distances of 
sources/lenses	
___ Lensed sources	
___ Lenses	
--- extinction of the 
lensed sources (avg)	
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Results in numbers	
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Table 2. The best fit results on the observables towards the 4 regions
monitored in the EROS spiral arms program, compared with previous
simulations (model 1) and observations published in Rahal et al. 2009:
Surface density (per square degree) of stars brighter than I = 18.4, mean
and width of CMD color distribution, number of microlensing events,
optical depth, mean duration.

Target ✓Mus � Nor � Sct � Sct
measured 0.25 ± .037 0.23 ± .035 0.28 ± .042 0.34 ± .051

⇢I<18.4
⇤ ⇥ 106 ±7.3% common systematics

(stars / sq. deg.) simple model 0.22 0.26 0.28 0.32
Besançon 0.23 0.26 0.30 0.33
measured 1.95 ± .15 1.86 ± .15 2.36 ± .15 2.20 ± .15

V � I (mag.) ±0.16 common systematics
simple model 1.83 2.02 2.35 2.13

Besançon 1.94 2.11 2.52 2.22
measured 0.71 0.78 0.71 0.75

�V�I (mag.) simple model 0.72 0.73 0.83 0.74
Besançon 0.73 0.74 0.81 0.73

Nevent(u0 < .7) observed 3 10 6 3

Nevent(u0 < .7) simple model 4.0 8.6 3.6 2.2
Besançon 4.0 9.9 3.5 2.4
measured .67+.63

�.52 .49+.21
�.18 .72+.41

�.28 .30+.23
�.20

⌧ ⇥ 106 simple model 0.23 0.38 0.43 0.45
Besançon 0.22 0.34 0.44 0.40
measured 97 ± 47 57 ± 10 47 ± 6 59 ± 6

tE (days) Besançon 68.5 51.9 43.0 49.3
simple model 80.5 55.3 50.4 54.6

with Kroupa IMF 64 43 38 42

density-color.jpg

Fig. 7. The mass-density along the line of sight of �S ct from the various
Galactic structures (disks and bar), as a function of the distance from the
Sun, for our nominal simple model (thin black lines) and the Besançon
model (thick blue lines). The total densities are displayed with dashed
lines.

As for the previous simple model, we also tested the hypoth-
esis of an invisible extra-contribution to the thick disk for this
model; we find that the best fitted value for such a thick disk
favours an added contribution of 2.5 ± 4.7 times the modelled
thick disk (�2 = 9.6 per 11 d.o. f ). Again, there is no significant
indication of the need for such an invisible contribution, and the

upper limit of a Besançon-like thick disk (somewhat thinner than
in our simple model) is ⇠ 5 ⇥ 1010M� at 95%CL.

7. Discussion

As a preliminary to the discussion, we recall here some of the
hypothesis used throughout this paper: First, we assume the disk
to have the same CMD than around the sun; then we rely on the
extrapolation of the extinction map obtained in K band to I and
V bands, and assume reasonable systematic uncertainties on this
map.

7.1. Comparison with previous results and robustness

Figure 8 (to be compared with Fig. 2) shows that our best fitted
models are able to satisfactory reproduce the observed CMDs of
the (I < 18.4) stars. Table 2 shows that the model we used previ-
ously (model 1) was also satisfactory. We tested the robustness
of our results by changing some of the uncertainties (systemat-
ics and statistics) with unsignificant variations of the best fitted
numbers.

Our model now incorporates enough details to allow one to
use the CMD as an observable to be fitted. As a consequence,
the main impact of this type of study -apart from constraining
the parameters fthick and m0- is to extract information on the un-
derlying stellar populations of sources and lenses.

7.2. The lens and source populations

Figure 9 shows the fast variation of the simulated optical depth
along the line of sight with the distance, for the 4 studied di-
rections, and for both models considered in this paper. This fast
variation of the optical depth with the distance shows that the
notion of ”catalog” optical depth is crucial when dealing with
sources distributed along a line of sight. Classical previous stud-
ies on microlensing optical depth were considering optical depth
up to a given distance. We show that studies in the galactic plane
definitely need to know the distance distribution of the moni-
tored catalog. Figure 10 shows the expected distance distribu-
tions of the lenses and of the sources in the EROS microlens-
ing events obtained from our simulation (taking into account the
EROS e�ciencies). Again, the source distance distribution illus-
trates the relevance of the concept of optical depth toward a pop-
ulation in contrast with the optical depth up to a given distance.

7.3. Constraining the Galactic model: the specific
contribution of microlensing data

The good agreement of our Galactic models with the data shows
that there is no need for other or more ingredients. We note
that the Besançon model predicts relatively small optical depths,
and this observation is in agreement with the deficit of opti-
cal depth towards the inner bulge directions noticed by MOA-II
(Awiphan et al. 2016), even if this is not very significant from
our reduced statistics.

We have also used our simulation to measure the domain of
Galactic parameters that is compatible with our observations. We
focused on parameters that are expected to impact the microlens-
ing optical depths or durations i.e.:

– The bar inclination � (nominal value � = 13�).



The Besançon model and a simple model fit CMDs and 
microlensing observations towards the 4 spiral arms targets	
⇒  Only need to assume absorption systematics (by < 0.1mag)	
⇒  No need for hidden compact objets in the Milky Way plane: 

Mthick disk< 5-7 x 1010 Msol	
⇒  Bar : Inclination confirmed	
⇒  Lens IMF : Krupa disfavoured, modified Chabrier favoured	
⇒  Galactic dynamics: marginal sensitivity to proper motion 

parameters with available statistics.	
•  (Long term) perspectives:	

•  Improve absorption map	
•  Increase statistics + extend mapping (through dust) with IR survey	

•  VVV at VISTA: K-survey within the galactic bulge and disk	
•  OGLE IV, GAIA, WFIRST, LSST, Euclid	

Details in ArXiv/1701.07006	

Conclusions	



Supplements	



The targets	
•  Magellanic Clouds => 

probe hidden matter in halo 
(τ ~ 5.10-7)	

•  Galactic center => probe 
ordinary stars as lenses in 
disk/bulge (τ ~ 2.10-6)	

•  Spiral arms �
=> probe ordinary stars in 
disk, bar + hidden matter in 
thick disc (τ ~ 5.10-7)	

•  Non-microlensing (SN, 
proper motion)	



Events found after 7 
years of data taking	

ü Galactic Center: hundreds of 	
	microlensing events found	

•  20 million stars monitored	
•  5.6 million Red Giant stars	
•  120 microlensing events on RG	

ü Spiral arms	
•  13.3 million stars monitored	
•  27 microlensing events	

ü LMC	
•  29.2 million stars monitored	
•  5.5 million « bright » stars	
•  0 microlensing event on bright stars	

ü SMC	
•  4.2 million stars monitored	
•  0.84 million « bright » stars	
•  1 microlensing event on bright stars	



7 years of data: Spiral arms	
Spiral arms	

•  13 million stars	
•  7 seasons -all data-	

Direction	 βScu	 γScu	 γNor	 θMus	
Stars (x106)	 3.0	 2.38	 5.24	 2.28	

Effective field(°)2	 4.5	 3.75	 8.8	 4.0	

Measurements 
(per colour)	

268	 277	 454	 375	

<Measurements> per object per week	



Event selection	
•  After “standard” pre-filtering	

–  2nd fluctuation probability : 	           log10(P2)/log10(P1)B, R < 0.5	
–  B and R fitted peak overlap : 	      	> 40%	

–  Sampling : 	 	        ΔTpeak = ΔTu<2 < Δtobs - 600 days 	
	 	 	 	        |tmax - tclosest meas.| < 0.4 x ΔTpeak	

–  Goodness of (simple) ML fit: (χ2 monochromatic ML /Ndof)B, R < 1.8	
–  Stability out of the peak : 	 	χ2 Base /Ndof  < 8	
–  Improvement vs constant fit : 	     Δχ2

B+Δχ2
R > 60	

–  Fitted impact parameter : 	 	           u0 < 1	
⇒ 27 candidates (incl. 1 uncertain -very long duration), 22 with u0 < 0.7	
	
Small contamination (no SNs through dust)	



27 candidates / 22 with u0<0.7	

•  2 candidates with parallax	
•  4 with blending	
•  2 Xallarap (A&A 351, 87-96, 1999)	

« low » S/N	

« high » S/N	



Xallarap event�
with extremely red source	



Stability of <τ>directions measurement	

<τ> vs u0	

our 
measurement	



Statistical representativity�
of the events	



Microlensed stars 
are redder	

I vs (V-I)	

An effect of the non-
uniformity of source 
distance	
	
ü  τ increases with distance	
ü  I increases with distance	
BUT faint stars do not enter 
the catalog => <I> is ~ stable	
ü  Absorption increases with 
distance => (V-I) increases	



Microlensed stars are redder	
Check hypothesis with a 
synthetised « EROS-like » 
catalog:	

- Hipparcos debiased local 
HR diagram	

- density + absorption model	

- EROS acceptance	

Monitored stars	

Lensed stars	 V-I	

V-I	

Simulated	
catalog	

Catalog	
weighted	

With τ	

Simulated	
catalog	

µlensed	
stars	



Interpretation of the optical depths �
[A&A 500, 1027 (2009)]	

τ vs galactic longitude @7kpc and b=-2.5°	

b 
+/

- 1
°	

No need for	
thick disk	

Standard	
disk	


