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The aim of today

* Explore the second consequence of the lens equation: time delays
* Express time delay between the two images of the point mass lens

e Present examples of the usefulness of time delays
- Testing GR predictions
- The SN Refsdal re-appearance
- Determining Ho (COSMOGRAIL & HOLiCOW)
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Time Delays

 Time delay 1s a natural consequence of the appearance of multiple images

galaxy cluster

- lensed galaxy images

distorted light~rays

Earth

“Credit: NASA ESA

At = AtGeometry + AtShapiro

K. B. Schmidt, kbschmidt@aip.de PHY-765 GL Week 6: May 15, 2019


mailto:kbschmidt@aip.de?subject=

Shapiro time delay

e “The delay of light as 1t passes through a gravitational potential well”

 In week 1 we were considering the GR line element for a phoV
ds® = goo dt* + gij dz’ dz’ = 0 v\dél dy

e Aligning light rays along the z-direction and again using the metric i

2GM 2GM
By Taylor expansion we find that
-1 — ZGMQ/T'62- 1/2 l ZGM@-
dz = cdt ~ cdt |1
e 14+ 2GMg/rc? ¢ i re?

* So 1n the absence of gravity dz/dt = c, but with gravity dz/dt < c

e Shapiro (1964) suggested to use light deflection off Venus to measure this
Dg Dy

2 ' -0
‘ Atghapiro = 200us  (Exercise 2)
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Confirming General Relativity
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Shapiro time delay

e Considering the 3D gravitational potential ¢(z) = —MG/r we have

-9 @(0) DSDL
AtShapiro = C3 /dz ¢(z) — 02 X DLS p

2GM
e Where the expression 42z =~ cdt |1 rcze

was divided by 1-2MG/rc?, Taylor éxpanded & integrated (see Exercise 2)

 And we introduced the projected gravitational potential

|, AMGDis
/?(:9) =$O)c" = —p 5~ 6l

Depends on image
position (light path) Defined for the point mass in week 3
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Geometric time delay

 The Geometric time delay caused by different path lengths for images

Source Lens 1): 2D source position in source plane
Plane Plane N
: f: source position angle
C:) &: impact parameter
v «: deflection angle
: 0: apparent source position

} 1 Dl.

Dis -

Ds

* By geometry the undeflected light path is just D, = Ds / cos(P)
e and the deflected light path 1s D4 = D¢t/ cos(0) + Drs/ cos(0)
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Geometric time delay

 Combining these two expressions (and Taylor expanding cosines) we get

Dy.Ds (8 - B)’
Dy — D, =
d u DLS 9
e Dividing by c turns this light path difference into a time difference
A _ DuDs (6-B)°
Geometry o DLS 9

K. B. Schmidt, kbschmidt@aip.de PHY-765 GL Week 6: May 15, 2019



Time delay

At = AtGeometry + AtSha,piro

N

e Inserting the expressions we have the combined time delay

®(0)

2

Ds [ (6 B)°
2

Dy, Dg
cDys

Only depends on —
At =

distances:; no
lens details

Only depends
on lens mass

distribution

WEDDING

* Where the distances are given in co-moving distances
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Time delay reveals Lens Equation

e [If we insist on minimizing the time traveled by light rays

- Light travels on null-geodesics

* Or 1n other words we invoke Fermat’s Principle:

If S is the source and O the observer in a space time defined by a metric
guw and mass M, then a smooth null curve v from S to O is a light ray (null

geodesic) if, and only if, its arrival time Tt at O is stationary under first-
order variations of v within the set of null curves from S to O, i.e., 0T = 0

e So differentiating At with respect to the angle we have:

d |6-8)

®(0)

do 2

2

=0

e And since @ = VY we have the lens equation 0 =60 — 8 — a(0)

 Hence, the lens equation i1s a ‘manifestation’ of Fermat’s principle.
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Time delay tor the point mass lens

e For images 1 and 2 of a background source being lensed we have

Dy, Ds ('(ol—ﬂf o0,)] [©.-8)° @(02)')

t1 —l2 = (]- + ZL) ¢Dr s 2 2 2 c2

 If the lens is a point mass and [3 much smaller than the Einstein radius

0+ ~ 10 + g (ﬁ <K OE) (cf. last week)

* And the geometrical time delay is 1nsignificant (deflections ~1dentical)
- I.e., (9+— [3)2 ~ (6_ - IS)Z

e The main contribution to the time delay comes from the potential ®(0)

e Using the point mass lens expression for the gravitational potential

AMGD1ys

2(6) = $(0)c" = =, "1

In |8| = c*6% In|0)
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Time delay for the point mass lens

e We find that in the limit of small 3 (Taylor expanding In)

®@,) —P0_) =c’65In Z—+ ~ 2¢°0g 3

* Therefore, for a point mass lens the time difference between two 1images
(when the geometric time delay 1s insignificant) 1s

D1, Dsg
cDys

ty —t_ ~—(1+ 21) 2053

e Light passing closest to the lens (t—) 1s delayed the most

e Thus, light from image 6. arrive first

e C

naracteristic light delays between the two 1images are of the order months

to years for cosmological lens geometries (Exercise 3)
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SN Retsdal - Time delay

Kelly+2015
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SN Retsdal - Time delay

 The SN Refsdal data can be used to strengthen/improve cluster lens models

* Treu+2016 coordinated a “blind” modeling of the MACS 1149 cluster

- Models from Zitrin+, Diego+, Oguri+, Sharon+, Grillo+

e Prediction of re-appearance of SN Refsdal and time-delay estimates

-
SN may have appea‘red
2015.5 20186 20186.5 2017 ® .\ herein 1995 =
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SN Retsdal - Time delay

e When MACS1149 Became re-observable ~Oct. 30 2015 (after Treu+2016
came out!) the hunt for the predicted re-appearance began.

On December 11 SN Refsdal re-appeared
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SN Retsdal - Time delay

e When MACS1149 Became re-observable ~Oct. 30 2015 (after Treu+2016
came out!) the hunt for the predicted re-appearance began.

On December 11 SN Refsdal re-appeared

2015.5 2016 2016.5 2017
L 1 l 1 1 1 L} ' L L L ] I ] 1

re-appearance —

SX/1.2-S1 -

1 1 1 1 | 1 1- ll .'} .
400 600 "

At / days Treu+2016 + Predicted location of re-appearance
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SN Retsdal - Time delays

http://hubblesite.org/newscenter/archive/releases/2015/08/video/

K. B. Schmidt, kbschmidt@aip.de PHY-765 GL Week 6: May 15,2019



Estimating Ho from time delays

 Time delay lenses can also be used for estimating Ho

* The Atceomerry 1S proportional to path lengths, 1.e., scales with 1/Hg

e The Atsnapiro 1s also proportional to the path lengths, i.e., scales with 1/Hg

 Hence, for any gravitational lens Ho(ti-t2) depends only on geometry

t1 —to = (1 + 21)

e Lens models provide (3, @ and ® (mass of lens) and predict Ho(t;-t2)

Dy,Dsg
cDys

('(ol - B)?

2 c?

o)

(6, — B)?

®(0,)

2

2

e This 1s compared to measurements of (ti-t2) from light curve monitoring
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COSMOGRAIL & HOLi1COW

e COSmological MOnitoring of GRAvItational Lenses (www.cosmograil.org)
- Imaging campaign to sample lensed QSO light curves
- Time delay measurements [e.g., WFI J2033-4723 (Vuissoz+08), RXJ1132 (Suyu+13)]
 Ho Lenses in COSMOGRAIL’s Wellspring (www.hOlicow.org)
- Extending work from COSMOGRAIL with focus on estimating Ho
e HOL1COW is focusing on 5 lensed QSOs

* First set of papers from 2017 focused on HE0435-1223
- Bonvin+17, Wang+17, Rusu+17, Sluse+17

B16084+656 RXJ1131-1231 WFI12033—-4723 HE 1104—1805

.®

Suyu+2017
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Light Cruve for HE0435-1223 images

Cradite V. Bosvin - HOLOOW

https://www.youtube.com/watch?v=qoVQ8f5nVOw
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Matching Fluxes and Obtain At
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Credite: V. Bowvia - HOLICOW

https://www.youtube.com/watch?v=qoVQ8f5nVOw

K. B. Schmidt, kbschmidt@aip.de PHY-765 GL Week 6: May 15,2019 21



A good lens model 1s key

e The obtainable constraint on Ho from comparing model-predicted Ho(t;-t2)
to observed (ti-t2) 1s set by model precision/accuracy

observation model
{ . ( .
2"
AN A
lensed AGN lensed AGN host lens galaxies

- ( .

SN N

AGN position lens mass AGN host model
on source plane model 2

Suyu+2018
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Ho From HE0435-1223

e Then, comparing At(observed) with HoAt(model) Ho can be estimated

probability density

- ' _UHy , ' UACDM , ' UwCDM ' 1 UoACDM Bonyin+17
H,:80.613 | H,:80.0%% H,:80.9%%] H,:80.0%33 W RXJ1131
e ,;; Il .:S i ,;Z ’ ’;'; - e B1608
o.l‘»HD:ﬁg'S 3:9 | H0:68'3 4:2 H():68-6 4:8 H():67.7 4:8 HE0435
01| 103 743254 Hy:73.1%30 Ho:74.3+%:8 Hy:72.5+68 = ToSL
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S0 1In summary...

 Time delays are a natural consequence of appearance of multiple images
At = AtGeometry + AtShapiro

 The Shapiro time delay 1s caused by gravitational potential (“traffic”)

®(@) DsDy,
AtShapiro — 2 X DLS p
 The Geometric time delay 1s caused by differences2in path lengths (“route™)
Ay _ DpDs (6 - B)
Geometry e DLS 9
e For the point mass lens, the time delay between the two 1mages 1s
Dy, Dsg

ty —t_ ~—(1+ 21) 2053

e Time delays are useful for:

- Confirming GR (Shapiro time delay & SN Refsdal)

CDLS

- Improving lens models (SN Refsdal)

- Determining cosmological parameters, in particular Ho (HOL1COW)
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