
Lensing



Strong	  lensing:	  distor.on	  at	  large	  angular	  scales



Microlensing

lens source

Einstein	  Ring

If	  a	  lens	  is	  exactly	  (or	  very	  closely)	  aligned	  with	  a	  source	  there	  are	  
magnified	  images	  of	  the	  source	  at	  (or	  near)	  an	  angle	  equal	  to	  the	  
Einstein	  radius.

microlensing:	  distor.on	  at	  small	  angular	  scales	  (θ	  ≈	  1	  mas)
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Gaudi (2012)

lens equation derived from geometry …
(what is the mapping between beta and theta?)
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(the “lens equation”)

Recall that:

(basic quad. eq.)
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(lens equation)

“angular and linear Einstein Radii”
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For solar-mass lens 
halfway to galactic center:
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see also  
Paczynski (1996)

theta (~ mas) usually 
too small to resolve 

spatially, observe total 
flux

image centroid moves in a non-
linear path (think astrometry)

for theta_s .ne. 0 —> two images!
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Microlensing	  (magnifica0on)

magnifica(on	  is	  the	  ra.o	  of	  image	  area	  to	  source	  area

Lensing	  conserves	  surface	  brightness,	  so	  think	  of	  lensing	  as	  a	  magnifica.on	  
of	  the	  surface.	  	  Flux	  =	  Area	  x	  surface	  brightness!
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Microlensing	  (magnifica0on)
magnifica(on	  is	  the	  ra.o	  of	  image	  area	  to	  source	  area

Gaudi (2012)

(approximated	  by	  projected	  area	  above)

(mag	  is	  .me-‐dependent	  
change	  in	  area)

A   ~     l x w



Anima.on	  is	  in	  the	  rest-‐frame	  of	  the	  lens	  (foreground	  star)	  
	  	  	  from	  ScoP	  Gaudi:	  hPp://www.astronomy.ohio-‐state.edu/~gaudi/movies.html

(.me-‐dependent)

http://www.astronomy.ohio-state.edu/~gaudi/movies.html


single-lens observables

• time of peak-flux

• time of maximum magnification

• “duration”, Einstein-radius crossing time, 
tE

Events near the galactic bulge: tE range ~ days to years

depends on both lens mass and distance



Microlensing Probability
(lensing optical depth)

P = Area covered by rings / Area of sky

(For lensing < or = theta_E or A > ~ 1.34)



Microlensing Probability
(lensing optical depth)

P = Area covered by rings / Area of sky



Microlensing Probability
(lensing optical depth)

P = Area covered by rings / Area of sky

n-lens x area of one ring

depends on mass density (not mass function)
along line-of-sight.
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Microlensing Event Rate

does depend on mass function
along line-of-sight



look	  to	  the	  Bulge!

Observe	  towards	  the	  Galac.c	  
bulge	  to	  increase	  stellar	  
density



• lensing optical depth toward Galactic 
Bulge is ~ 10-6

• median timescale of event ~ 20 days

• rate for lens event / star ~ 10-5 per year!

• OGLE survey monitors ~ 2.5x108 
sources over 80 square degrees ~ 1,500 
events / 8 month observing window.

microlensing is rare ...



Microlensing + planets



Binary Lens: adds three more parameters:

• mass ratio

• projected separation of binary at time of 
event

• angle between source-lens trajectory and 
binary axis at time of event



Gaudi (2012)

Lens Source
mapping between

source and lens planes
(beta <----> theta) 

solution to lens magnification
for multiple lens: 

caustic curves: source 
positions where det J = 0

critical curves: image positions



prePy	  “caus.cs”



Caus.cs	  from	  hPp://www.mpa-‐garching.mpg.de/mpa/

prePy	  “caus.cs”

http://www.mpa-garching.mpg.de/mpa/


zoomed

planet
(angular sep.) host

q = 0.003

“caus.cs”	  (typically	  2	  to	  3	  for	  one	  planet)



Microlensing

Planetary	  perturba.on	  example:	  

Magnified	  images	  along	  the	  Einstein	  ring	  
pass	  near	  the	  planet	  and	  are	  magnified	  
again	  (“the	  source	  crosses	  the	  planetary	  
caus.c”)



For solar-mass lens 
halfway to galactic center:

planet outside and near ring:



effect of changing planet/source track angle:



effect of changing separation:

http://www.astronomy.ohio-state.edu/~gaudi/Movies/
lcp_b.gif

http://www.astronomy.ohio-state.edu/~gaudi/Movies/lcp_b.gif




Bennett + NASA



What	  can	  you	  learn?

• Same	  as	  for	  the	  main	  event:	  measure	  .me	  of	  maximum	  magnifica.on,	  maximum	  
magnifica.on,	  and	  dura.on	  

• The	  dura.on	  is	  propor.onal	  to	  q1/2tE.	  With	  tE	  from	  the	  main	  event,	  you	  get	  q	  =	  Mp/
Ms	  

• The	  .me	  and	  magnitude	  of	  the	  perturba.on	  give	  the	  separa.on	  and	  posi.on	  angle	  
of	  the	  planet

Planetary	  Perturba.on



What	  can	  you	  learn?

• With	  the	  mass	  ra.o	  (q),	  you	  need	  to	  find	  some	  way	  to	  get	  the	  lens	  mass	  

• Finite	  source	  effects,	  and	  some	  assump.ons	  about	  the	  source	  distance,	  give	  you	  a	  
mass-‐distance	  rela.on	  for	  the	  lens	  

• Measure	  photometry	  and/or	  spectroscopy	  of	  the	  lens	  itself	  
	  	  
• Measure	  the	  proper	  mo.on	  of	  the	  system	  

• Detect	  the	  microlens	  parallax	  

• Detect	  orbital	  mo.on	  of	  the	  planets

Planet-‐Star	  System



• very sensitive to planets > snow line

• magnification does not depend on planet mass (sensitive to 
low mass planets)

• sensitive to long-period planets (and free-floaters)

• probes galactic planet distribution

• detects multi-planet systems.

Powerful statistical probe of exoplanet population:



Microlensing	  Highlights:	  
OGLE-‐2005-‐BLG-‐390Lb

Mp	  =	  5.5	  Mearth	  
a	  =	  2.6	  AU	  
Ms	  =	  0.20	  Msun	  
(with	  big	  errors)	  

=>	  Super-‐Earths	  must	  be	  common

Beaulieu	  et	  al.	  2006,	  Nature,	  439,	  437



Microlensing	  Highlights:	  	  
OGLE-‐2006-‐BLG-‐109Lb

A	  Jupiter-‐Saturn	  analog	  system	  around	  a	  
M	  =	  0.5	  Msun	  star	  

Orbital	  mo.on	  of	  the	  outer	  planet	  was	  
detected

Gaudi	  et	  al.	  2008,	  Science,	  319,	  927



Microlensing	  Highlights:	  	  
Unbound	  Planets?

Sumi	  et	  al.	  2011,	  Nature,	  473,	  349
1.8+1.7-‐0.8	  planetary	  mass	  
objects	  at	  >10	  AU	  per	  star
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Poleski	  et	  al.	  (2014)
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microlensing and WFIRST

Bennett + NASA



Bennett + NASA



microlensing and WFIRST



microlensing and WFIRST


