
Measuring the acceleration of the 
Universe with strong lens statistics

Masamune Oguri 
(Kavli IPMU, University of Tokyo)

2012/11/21 supernovae, dark energy & cosmology@ Kavli IPMU



HST image

quasar image A

quasar image B

lensing galaxy

First strong lens: Q0957+561 (Walsh et al. 1979)



Quasar lens statistics

• acceleration of the Universe increases a chance
   of strong lensing for a distant quasar
   (Fukugita, Futamase & Kasai 1990; Turner 1990)



How it works

• lensing objects of lensed quasars are dominated
  by early-type galaxies which formed early (z~2)

• assume that velocity dispersion function dn/dσ
  does not evolve with redshift (up to z~1)

• then probability that a distant quasar is strongly 
   lensed is proportional to the volume element 
   DA(z)2H(z)−1, which is sensitive to dark energy
   (“standard volume” method)



Old attempts
HST snapshot  (optical)

(Maoz et al. 1993)

500 quasars, <3 lenses,
number too small

CLASS (radio)
(Browne et al. 2003)

22 lenses from 10k sources 
redshift dist. uncertain



SDSS quasar lens search (SQLS)

• project to search for strongly lensed quasars
   among spectroscopic SDSS quasars
  
• identify lens candidates using ugriz-band SDSS 
   images, need extensive follow-up observations
   to confirm true lenses 

• all the survey in DR7 already completed!

• see the following URL for more details
   http://www-utap.phys.s.u-tokyo.ac.jp/~sdss/sqls/

http://www-utap.phys.s.u-tokyo.ac.jp/~sdss/sqls/
http://www-utap.phys.s.u-tokyo.ac.jp/~sdss/sqls/
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Number of lenses discovered

more than
1/3 of total 

~10 year effort!





Rare large-separation quasar lenses

SDSS J1004+4112
(5 images, θmax=14.7″)

SDSS J1029+2623
(3 images, θmax=22.5″)

Inada et al. (2003, 2005)
Oguri et al. (2004)

Inada et al. (2006)
Oguri et al. (2008, 2012)



Cosmological constrains from DR7

• use a statistically well-defined subsample of 19 
   lensed quasars from 50,836 quasars

Oguri et al. AJ 143(2012)120– 33 –

Fig. 1.— The histogram shows the image separation distribution of the strong lenses in the
statistical lens sample used for our cosmological analyses. The subsample contains 19 lenses

selected out of 50,836 source quasars, as summarized in Table 1. Lines show the theoretical
predictions for three different values of the cosmological constant ΩΛ assuming a flat universe

and no evolution of the galaxy velocity function. The vertical dotted line shows the θmin = 1′′

lower limit for the image separations in the statistical lens sample.

• also include lens
   redshifts, which 
   help disentangle 
   cosmology and 
   galaxy evolution 



Result (I)

• constraint on ΩΛ 
   assuming flat 

• SQLS only

• result: ΩΛ = 
  0.79+0.06−0.07 (stat.) 
        +0.06−0.06 (syst.)

• ΩΛ = 0 rejected 
  at 6σ (stat. only)

Oguri et al. AJ 143(2012)120



Result (II)
Oguri et al. AJ 143(2012)120
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Fig. 4.— Constraints on ΩM and ΩΛ for the non-flat models with a cosmological constant.

Contours show 1σ and 2σ confidence regions from the three different cosmological probes:
SQLS strong lens statistics (this paper), baryon acoustic oscillation (BAO) measurements

(Percival et al. 2010; Blake et al. 2011), and the CMB anisotropy from WMAP (Komatsu
et al. 2011). The dotted line indicates a flat universe with ΩM + ΩΛ = 1. The upper left
shaded region indicates models with no big bang.

• non-flat Universe with
   cosmological constant

• ΩΛ > 0 still required at
   more than 4σ level



Result (III)
Oguri et al. AJ 143(2012)120
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Fig. 5.— Constraints on ΩM = 1 − ΩDE and w for the flat dark energy models. As in

Figure 4, the 1σ and 2σ constraints from the three different cosmological probes are shown
by contours. The horizontal dotted line indicates a cosmological constant with w = −1.

• flat Universe with constant DE EOS

• w = −1.11+0.14−0.17 (stat.)+0.08−0.10 (syst.)
  from SQLS+BAO+WMAP



To summarize...

• statistics of SQLS quasar strong lenses indicate 
   that the expansion of the Universe must be 
   accelerated

• however this result relies on the assumption 
   that the velocity function of (early-type) galaxies
   does not evolve

• what if we allow fully evolving velocity function?
�� � ��(1 + z)�n

�� � ��(1 + z)��



Simultaneous constraint
– 40 –

Fig. 8.— Simultaneous constraints on cosmological parameters and redshift evolution of
the velocity function of galaxies in the flat models with a cosmological constant. Upper:

Likelihood distributions as a function of cosmological constant ΩΛ. The solid line shows the

likelihood from the SQLS alone with no redshift evolution as in Figure 3. The dashed line
is the likelihood from the SQLS alone after marginalizing over the evolution parameters νn
and νσ. The dotted line is the likelihood distribution marginalizing over νn and νσ when
the SQLS result is combined with the BAO and WMAP constraints. Lower: Constraints

on redshift evolution in the νn-νσ plane after marginalizing over ΩΛ. The outer contours
are from the SQLS only, and the inner contours show the combined constraints from SQLS,
BAO, and WMAP. Dotted lines in the lower panel indicate no redshift evolution (νn = 0

and νσ = 0).

Oguri et al. AJ 143(2012)120

• constrain ΩΛ and galaxy 
  evolution simultaneously 
  from the SQLS data

• ΩΛ > 0 still preferred at 
   more than 2σ level

• consistent with non-
   evolving velocity function

• implying that conclusion
   is robust



Conclusion

• SQLS has drastically increased the number of 
   strongly lensed quasars known

• the careful statistical analysis confirmed the 
   acceleration of the Universe independently of
   type-Ia supernovae

• future? stay tuned for a new survey in SDSS-III!


