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Peculiar	veloci0es	of	galaxies	
•  Microlensing:	rela0ve	movement	between	quasar	

and	 lens	 galaxy.	 Lens	 transverse	 velocity	 from	
microlensing	light	curves	

•  The	 mo0on	 of	 galaxies	 with	 respect	 to	 the	
smooth	 Hubble	 flow	 (i.e.	 the	 peculiar	 velocity	
field	 of	 galaxies)	 is	 key	 to	 understand	 the	
“dynamics”	of	the	Universe	

	
•  Dark	 energy	 models	 predict	 measurable	

differences	 in	 the	 peculiar	 velocity	 field	
dependence	with	redshi_	



Caus0cs	–	crossing	counts	

•  Wyithe	 et	 al.	 1999;	 Gil-Merino	 et	 al.	
2005;	Poindexter	&	Kochanek	2010;	

•  	Mediavilla	et	al.	2015	(2237+0305)	

•  Basic	 idea:	 caus0cs	 are	 like	 randomly	
distributed	milestones	 of	 known	mean	
separa0on	(<d>)	

	
•  V	≈	(N*<d>)/t	
	
•  t	 (1	 crossing)	 ≈	 years	 (Mosquera	 &	

Kochanek	2011)	

•  Count	caus0c	crossings	 in	an	ensemble	
of	GL	to	reduce	Poissonian	noise	



Caus0cs	–	Peaks	Over	a	Threshold	(POT)	



Pilot	study	-	computa0ons	

•  17	lensed	quasars	ensemble	with	published	
(and	very	heterogeneous)	light	curves	

•  We	 count	 9,	 and	 7	 POT,	 respec0vely	 for	
thresholds	of	0.1	and	0.2	mag	
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for the typical case of a lens image with  = � = 0.45, Eq. 12 holds for di↵erent values of ↵

and R, and that the typical deviation of hni is
p

hni, as expected for a Poissonian variable.

The total number of detected POT is then
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ve↵ itip
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The next step is to use this last equation (in combination with Equations 8 or 10) and

the experimental number of POT derived in §3.1 to illustrate the method, to constrain the

peculiar velocity of lens galaxies, and to explore the future possibilities of the method.

3.3. Results

3.3.1. Estimates of �pec(0.53) and �pec(0)

In our ensemble of lensed images the redshift of the lenses is rather concentrated with

hzli = 0.53± 0.18. On the other hand, using the f(z) ⇡ [⌦m(z)]
0.6 approximation ( Peebles,

1980, Lahav et al. 1991) and Eq. 9, we find (adopting a flat universe with ⌦m0 = 0.317, ⌦⇤0 =

0.683 and the formulae from Lahav et al. [1991] to compute ⌦m(z)) that the contribution of

the galaxy velocity term in Eq. 8 is substantially greater than that of the source (by a factor

ranging from 2.23 to 15.5 depending on the system). Under these favorable circumstances,6

we can directly estimate the peculiar velocity at the average lens redshift. Thus, neglecting

�pec(zsi) and approximating, �pec(zli) ' �pec(hzli = 0.53), we can numerically resolve Eqs. 8

and 13 for the hni = 9 POT counted for a threshold of 0.1 mag and the ti listed in Table

1. We calculate voi as the projection of the cosmic microwave background dipole velocity

(Hinshaw et al. 2009) onto the lens plane. The stellar velocity dispersion, �⇤i, is estimated

using the image separation, �✓i, given by the SIS model (e.g., Treu et al. 2009),7

�✓i = 8⇡
⇣
�⇤i

c

⌘2
DLS

DOS
. (14)

6For a larger ensemble, we may have selected the lens systems fulfilling the last condition and falling in
a given redshift bin.

7For two systems of very large separation, we have used the average value of the other systems in our
sample, h�⇤i = 260± 59 km s�1.

•  R	≈	4.3	light-days	(<M>/0.3Msun)0.5		(Morgan	et	
al.	2010,	Mosquera	et	al.	2013,	Jiménez-
Vicente	et	al.	2015a,b)	

lens plane), with the effective transverse velocity of the source.
Consequently (Kundic & Wambsganss 1993), the event rate
would be related to a composed effective velocity, veff,

*T� �v v a , 4teff
2 2 2ˆ ( )

where, *
*T � T

� z
D
D1 l

OS

OL
ˆ , and a2 is an effectiveness parameter. We

adopt a2=2, the expected value when the galaxy bulk motion,
vt, and the rms stellar velocity, *T2 , have equal effects.10

2.2. Statistics of Microlensing Event Counts for an Ensemble of
Lensed Quasar Images

Let us now consider an ensemble of M gravitationally lensed
images, (i = 1,K, M). The probability of observing, in one
image, ni events (either caustic crossings, zero crossings, POT, or

others) in a monitoring time ti conditioned to a given transverse
velocity of the lens galaxy, vti, can be formally written as,

*T Yp n v ; , , 5i i t
k

i
j

i i( ∣ ) ( )

where �v v v,t
k

t t
1 2

i i i
( ) are the components of vti, *T i is the 1D

stellar velocity dispersion, and Yi
j are other physical parameters

of interest representative of the lensed image, such as the
fraction of mass in microlenses in the lens galaxy, or their mean
mass. From microlensing simulations, which should include
stellar random motions (see Kundic & Wambsganss 1993 and
Poindexter & Kochanek 2010), we can infer *T Yp n v ; ,i i t

k
i
j

i i( ∣ )
and from this quantity the likelihood of vti using Bayes’

theorem,
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Integrating *T YL v n; ,i t
k

i
j

ii i( ∣ ), we can obtain the marginal
probabilities, *T YL v n; ,i t i

j
i

1
i i( ∣ ), and *T YL v n; ,i t i

j
i

2
i i( ∣ ). Finally,

using Equation (3), we can relate the convolution of the
probability density functions (PDFs) of the peculiar velocity at
the lens and source redshifts with the PDF of the transverse

velocity,
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These equations can be used in several ways. If the ensemble is
large enough, it is possible in principle to select subsamples in
lens redshift and select the systems in which �L v zi spec

1,2( ˆ ( )) is
presumably narrow, to derive from Equation (7) the average
frequency distribution of peculiar velocities at a given
redshift, � § _ � � �L v z L v vl M i i t opec

1,2 1 1,2 1,2
i i

( ˆ ( )) ( ˆ ˆ ).
If the limitations of our ensemble do not allow a detailed study

of the PDF, we can directly multiply Equation (1) by itself, average
and use Equation (4) to obtain (see Appendix for the details),

where σpec(z) is the 1D dispersion of the peculiar velocity field
at redshift z (see Appendix). This equation is in agreement with
the expression adopted by Blackburne (2009) and the formula
used by Mosquera & Kochanek (2011).11

Following Kochanek (2004; see also Blackburne 2009), in
the linear approximation regime of ΛCDM cosmology it is
possible to express σpec(z) in terms of the cosmological growth
factor rate, f, and of the peculiar velocity dispersion at zero
redshift, σpec(0),

T
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z
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f z
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( )

to write Equation (8) as,

Using a model for the growth factor rate (see Lahav et al. 1991,
for instance), it is straightforward to jointly fit all the data from the
ensemble of images to measure σpec(0) or, sampled in 2D bins
according to (zl, zs), to probe the growth factor at different z, f (z).

3. ANALYSIS OF MICROLENSING LIGHT CURVES
FROM THE LITERATURE

3.1. Detected POT

In spite of the heterogeneity (in time sampling and coverage,
signal-to-noise ratio (S/N), or photometric band, for instance)
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10 Kundic & Wambsganss (1993) estimate from simulations a2;1.7, but the
exact value of the effectiveness factor could depend on optical depth and shear
(Wyithe et al. 2000b). In any case, reasonable changes in a2 have little impact
on our results (see Section 4.1.4).

11 Assuming that Mosquera & Kochanek consider the transverse (2D) peculiar
dispersion velocity instead of the 1D one.
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•  σpec(0.53±	0.18)	≈	638	±	213	km/s	
•  σpec(0.53±	0.18)	≈	657	±	248	km/s	

•  Comparison	 with	 Bulk	 Flow:	
average	 the	 radia l	 peculiar	
velocity	 field	 of	 a	 certain	 volume	
of	universe	centered	on	us	

	
•  σpec(0)	 ≈	 491	 ±	 164	 km/s	

compa0ble	 with	 σLG	 and	 ΛCDM	
predic0ons	

Pilot	study	-	results	

LG Bulk (Kogut et al. 
1993) 

Non linear�CDM( Hess & 
Kitaura 2016) 

Linear�CDM(Carrick et al.
2015) 

Q2237 
(Mediavilla et al. 
2015) 

Linear	ΛCDM	

Non-linear	ΛCDM	
Hess	&	Kitaura	

σ(Local	Group)	

QSO	2237+0305	
Mediavilla	et	al.	

Pilot	study	

Secondary	
distance		
indicators	



Error	budget	–	RM	

– 34 –

Table 2. �pec Relative Error Budget

Source present ensemble LSST survey

R <0.10 <0.051

profile <0.07 <0.07

↵ <0.04 <0.041

hmi <0.15 <0.15

(, �) <0.03 <0.031

�⇤ <0.00 <0.00

v0 <0.00 <0.00

1/
p

n 0.29 0.02�0.07

1Overestimated upper limit



Reverbera0on	mapping	–	sizes	
•  Edelson		et	al.	
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Figure 17. Top: summary of the stacked lag signals with median
luminosity for the whole sample. The open black, red and blue
triangles are the stacked g�r, g�i and g�z lags as shown in Figure
10. The filled black, red, and blue circles are the stacked g � r,
g � i and g � z lags for two luminosity bins with the theoretically
expected values for each luminosity bin connected by the black,
red and blue lines. Bottom: the corresponding stacked lags of the
subsample cLD for two luminosity bins as shown in Figure 13.

from thin disk model predictions, particularly for quasars
with larger lags and higher luminosities.
The detected lags are found to increase with increasing

luminosity, which is also clearly shown in Figure 17. This
is probably because accretion disk sizes are larger for high
luminosity quasars. We also find evidence that the lags
decrease with increasing ratio EW(Fe II)/EW(Mg II),
particularly when this ratio is large. This may indicate
that the accretion disk structure is changed in quasars
with higher metallicity, probably because of the e↵ects
of the iron opacity bump (Jiang et al. 2016). There are
also four quasars in subsample cLD with significant neg-
ative lags between the g and r bands and we find the
correlation that the ratios between the excess variance
in g and r bands generally increase with increasing g� r
lags. This indicates that some quasars may have strong
o↵-center variability that will complicate the lag signals.
It will be interesting to carry out the same experi-

ment with more data at di↵erent redshifts, which will
allow us to probe a larger radial range of the accretion
disk. For the quasars with lags that are consistent with
the lamp post model, the Continuum Reprocessed AGN
Markov Chain Monte Carlo (CREAM) (Starkey et al.
2016) model can be used to constrain the properties of
the accretion disks (such as inclination and mass accre-
tion rate). The correlations we find between the lags
and physical properties of the accretion disks will be sig-
nificantly improved with better sampled data and more
quasars. This will be one interesting application of LSST
data. Better data with regular ⇠ one day cadence will
also be able to tell whether the lags with unexpected
orders are physical or not.
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Future	surveys	–	cadence	

•  Gaia:	2000	new	gravita0onal	lenses	(beDer	than	
monthly	cadence?)	

•  LSST:	2600	new	gravita0onal	lenses	(beDer	than	
weekly	cadence?)	

•  Euclid:	2500	new	gravita0onal	lenses?	

•  Objec0ve:	accurate	es0mate	of	σpec(z)	for	
different	bins	in	z	to	test	dark	energy	models	

•  …	using	CCC	and	LCF	


