Measuring the Hubble constan t with lens time

dela ys in an inhomogeneous univ erse

Phillip Helbig

NRAL, Univ ersit y of Manc hester, Jo drell Bank, Macclesfield,

UK-Cheshire SK11 9DL, England

Abstract

The effects of a lo cally inhomogeneous uni-

v erse on the uncertain t y of the Hubble con-

stan t as determined from measured time de-

la ys in gra vitational lens systems is discussed.

The effect has b een describ ed adequately in

the literature, but it is usually not tak en in to

accoun t when discussing measuremen ts of H

0

using gra vitational lens time dela ys. Dep end-

ing on the cosmological mo del and the red-

shifts of the particular lens system considered,

the effect of lo cal inhomogeneit y can signif-

ican tly increase the uncertain t y in the deter-

mination of H

0

, and in ‘probable’ cosmological

mo dels can b e the dominan t uncertain t y .

a. In tro duction

The idea of measuring the Hubble constan t

H

0 using the time dela y b et w een images of

a source whic h is m ultiply imaged due to

the gra vitational lens effect w as in tro duced b y

Refsdal ( 1964 ), who also discussed the higher-

order dep endence on the other main cosmolog-

ical parameters, in mo dern notation the cos-

mological constan t λ

0 and the densit y param-

eter Ω

0

(Refsdal 1966 ). In particular, Refsdal

( 1966 ) in tro duced the ‘cosmological correction

function’ T whic h describ es these higher-order

effects. Ka yser & Refsdal ( 1983 ) sho w ed that

this same formalism also applies in the case

of an arbitrary lens mass distribution and in

the extreme case of a lo cally inhomogeneous

univ erse, the so-called empt y-cone appro xima-

tion. Since the cosmological correction func-

tion dep ends only on the redshifts of the lens

and source and on the distances in v olv ed, it

is straigh tforw ard to generalise ev en further,

using the formalism and metho ds set out in

Ka yser et al. ( 1997 ), to cases in termediate

b et w een the traditional approac h (whic h as-

sumes an idealised univ erse consisting of a p er-

fect fluid) and the empt y-cone appro ximation.

Recen tly , not only has the general idea of

measuring H

0 b y lens time dela ys b ecome

more acceptable, but (partly the cause of this)

other uncertain ties, suc h as measuring (and in-

terpreting!) the time dela y itself (see P elt et

al. ( 1996 ) and references therein) and mo d-

elling the lens mass distribution ha v e b ecome

b etter understo o d, so that no w the dominan t

uncertain ties are cosmological—the v alues of

λ

0 and Ω

0 and the parameter η discussed b e-

lo w, whic h describ es lo cal inhomogeneit y .

b. Basic theory

i. Time dela y

One can write an expression for the time dela y

( cf. Ka yser & Refsdal ( 1983 ))

H

0

= (Δ t )

− 1

T f (1)

where H

0 is the Hubble constan t, Δ t the time

dela y , T the cosmological correction function

and f is a function of observ ational quan tities

and the mass distribution of the lens and will

not b e further discussed here. The cosmologi-

cal correction function

T =

H

0

c

D

d

D

s

D

ds

(1 + z

D

) z

s

− z

d

z

d z

s

(2)

is defined so that T → 0 for z

s

→ 0.

1

z

D

1 2 3 4

0.1 0.2 0.3 0.4 0.5 0.6 z

D z

D z

D z

D z

D z

D z

D

Figure

distance

0 and

The

and

higher

z

curv

upp

righ

0

=

0

=

Ω

0

=

giv

0

.

ii.

the

geneous

See,

of

taking

culating

sho

tance

lensing)

the

fraction

the

1

clumpily

are

ing

gra

so

l h=1

W

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0 and

0

F

0

,

0

)

redshift

0

,

0

)

(1

at

the

a

defined

l h=0

W

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0 and

0

The

upp

0

2

Zs l=0 W=1

T

1.0 2.0 3.0 4.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5

T T T T T T T

Figure

s

,

ds and

η

F

0

=

and

0

=

s

)

Thin

to

d

/z

s

=

0

c.

rection

Figures

the

examined

mo

ally

the

0 when

measured

tain

men

if

0 and

b

sured

strain

0 and

0

.

the

the

distances.

one

con

esting

suc

cosmological

lation,

Zs lψ/ψ0 Wψ/ψ0▷3

T

1▷0 2▷0 3▷0 4▷0

0▷5 1▷0 1▷5 2▷0 2▷5 3▷0 3▷5

T T T T T T T

Figure

s

,

ds and

η

The

of

0 and

0

.

Zs l=0.7 W=0.3

T

1.0 2.0 3.0 4.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5

T T T T T T T

Figure

s

,

ds and

η

The

of

0 and

0

.

3

Zs l=1 W=2

T

1.0 2.0 3.0 4.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5

T T T T T T T

Figure

s

,

ds and

η

The

of

0 and

0

.

W

Zd=0.9 Zs=1.3

T

0.25 0.50 0.75 1.00 1.25 1.50 1.75

0.5 1.0 1.5 2.0 2.5 3.0 3.5

W

T

W

T

W

T

W

T

W

T

Figure

0

,

0 and

η

F

d

=

and

s

=

0

)

thin

η

Ω

0

<

0

=

ues

0 corresp

mo

the

0

=

1

W

Zd=0.6847 Zs=0.96

T

0.25 0.50 0.75 1.00 1.25 1.50 1.75

0.5 1.0 1.5 2.0 2.5 3.0 3.5

W

T

W

T

W

T

W

T

W

T

Figure

0

,

0 and

η

The

d and

s equal

to

tem

l h=1

W

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0 and

0

F

s

=

1

d

=

0

,

0

)

for

0

,

0

)

(0

1

4 l h=0

W

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0 and

0

The

lo

1

righ

h l=0

W

0.2 0.4 0.6 0.8

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0

F

s

=

and

d

=

0

)

case

0

=

are

h k=0

W

0.2 0.4 0.6 0.8

0.25 0.50 0.75 1.00 1.25 1.50 1.75

Figure

0

The

as

Zs h=1

Zd/Zs

1.0 2.0 3.0 4.0

0.2 0.4 0.6 0.8

Figure

s and

d

F

0

=

Ω

0

=

d

,

s

)

F

at

5

Zs h=0

Zd/Zs

1.0 2.0 3.0 4.0

0.2 0.4 0.6 0.8

Figure

s and

d

The

lo

1

d.

sions

The

ations,

rection

0 as

riv

ha

held

1

•

d

•

•

s for

creases

•

0

•

0 except

when

0 is

in

Th

certain

preferen

d

/z

s is

tiv

s itself

small.

1

See for

shifts

0

w

generally

0

w

λ

0

.

0 already

the

shifts

mological

one

0

and

0

.

It

of

0

,

0

and

imaged

et

tance

0

,

0 and

the

here.

Ac

This

Commission,

w

References

F

E.

tional

stan

APJ

Ka

and

ical

A&A

Ka

tra

I.

arbitrary

v

A&A

P

ligh

561’

A&A

Refsdal,

Hubble’s

ies

MNRAS

Refsdal,

logical

fect’

MNRAS

6