The Cosmic Distance
Scale
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How DIg IS the
Universe?

¥ We want to understand how big the Univers
IS!

¥ Why?
¥ Scalehow big are distant things, like galax

¥ TimeweOll see that recession speed is
proportional to distance, so our estimate c
the age of the Universe depends on how 1
apart galaxies are!



Direct geometrical
distance measures

¥Para||ax: apparent motion of distant stars
caused by orbital motion of earth

¥ currently limited to <1 kpc for bright
stars

¥ after Gaia (~2018 or so), will reach out
to ~1 Mpc for the brightest stars



¥ Maser distance

¥ The nearby active
galaxy NGC 4258

shows that it

possesses an accretion L N /

disk containing water R

masers orbiting in a e 55 .............. B S

thin disk, nearly on the | _

plane of the sky 2 &Y

¥ By measuring the R I jh
. . : Impact parameter (mas)

velocity and acceleration | _h_p bl ago o M g v ¥
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of these masers over Line-otsight velosity (km s°)

time, one can derive a
direct distance to this

galaxy: 7.2+0.3 Mpc And also a black hole mass: 3.9(£0.1)x107 Mo



¥ Gravitational lensing

¥ Quasars lensed into multiple images by
foreground galaxies (usually ellipticals) show
correlated brightness variations in the light of each
component

¥ The delay time of these variations with respect
to each other is another geometrical distance
measurement

¥ But! Uncertainty in mass profiles of lens
galaxies means large uncertainties in distance
determinations



Indirect distance
measures

¥ Because direct measurements generally lie well
within our own MWV, we need other means of
reaching out to cosmic distances

¥ These methods are called indirect distance
measures and they fall into two classes:

¥ Standard candles --- based on objects with
known (or calibratable) luminosities

¥ Dynamical measures --- based on scaling
relations like TF and FP



Standard candles

¥ Allindirect distance measurements depel
on the calibration of standard candles, ar
one In particular: pulsating stars

¥ In fact, the entire cosmic distance scale
based ormone kind of pulsating star: the
Cepheld variables



Cephelid variables

¥ Cepheids are pulsating
stars which ObreatheO
due to their surface
opacities and specibc
heatsincreasings they
compress, due to partia
lonization of H and He

K

¥ This means the
pulsations that occur in '
all stars aremuch bigger
in Cepheids L S S
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Ficures 1 and 2. — Light curve (Stebbins o, Danjon +) and radial velocity curve (Jacobsen o, Henroteau +)

of & Cephei.
pulsation phase



¥The nearest Cepheid Bolarigthe pole
star), about 200 pc away, too distant for
parallax measurements until the Hipparc
satellite in the 1990s

¥ In 1913, Hertzsprung (of the HRD!) car
up with the ingenious idea to use the
variation of the SunOs motion with
respect to theLocal Standard of Rasta
secular parallaand determined the
distances to Cepheids that way




¥ In the beginning of the 20t
century, Henrietta Swan
Leavitt, a “computer’ for
Harvard Observatory,
discovered that the
Cepheids in the Small
Magellanic Cloud pulsated
with periods that were

directly proportional to their

average luminosities

¥ Recent period-luminosity
relations for Cepheids give

My = —2.76log P — 1.46

¥ The trend is even tighter
when the colour of the
Cepheid is included
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¥ Cepheids aranassive
stars with temperatures
near ~7000 K (~F stars
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¥ Because Cepheids are so bright --- the
brightest Cepheids reach {My)~-8 (!) ---
Cepheids can be used for indirect distances
out to ~20 Mpc

¥ Note that this is well beyond this distance
of NGC 4258, allowing for a direct
comparison of the Cepheid distance with
the maser distance for this galaxy --- with
a difference within the error bars of both
methods, confirming that the Cepheid
scale is reasonable for local galaxies



¥ Note also that the reason that Hubble go
the distance to M31 (Andromeda) wrong
was that Cepheids actually cometwo
(well, three!) 3avors:

¥ OClassicalO Cepheids

¥ Metal-poor Cepheids, also call&u
Virginistars, which are less luminous b
factor of 4 --- and it was these that
Hubble thought he was using



¥ There are also even fainter Population |
(1.e., metal-poor) pulsating stars that can
used as standard candles: these are call
RR Lyrastars

¥ The calibration for the Cepheid distanc
scale actually rested In large part on th
calibration of the RR Lyrae distance to
the LMC until recently



Supernovae

¥ The distance to a supernova can be
measured by measuring the temperature
and the expansion velocity of its
photosphere:

L =4nR*(t)oT

where the radiuRt)=v,nt andt is the time
since the explosion, assuming constant
expansion velocity



¥ For type la supernovae
this method allows us tt
estimate that their peak

brightness ISMg)=<{My)
~-19.320.03

¥ But it has been
determined thatot
all SNe ldnave this
peak brightness!

¥ However, thewidthor
shapeof the light
curve of the SN Is
correlated with the
peak brightness,
allowing for a
correction
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¥Type la supernovae can be used as dist:
iIndicators to (staggeringly!) high distance
the record holder for the redshift of a SN
la Is atz~1.6 (!)

¥ In fact, the distances to SNe la are the
reason we believe the Universe Is
presentlyacceleratingnd therefore is on
of the observations that suggest thadrk
energys a major contributor to the
energy density of the Universe!



Other sort-of-standarc
candles

¥ Two other classes of objects used to be used:

¥ Planetary nebula have a sharp(ish) cutoff in
their luminosity function --- that is, the number
of objects per decade in luminosity --- with a
maximum brightness that appears to be
~constant

¥ However, it’s really only possible to see
PNe out to distances of ~50 Mpc, and SNe
la are easier to observe!
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¥ Globular clusters have a ~Gaussian-
shaped luminosity function that peaks -
a magnitude oM~-6.6

¥ Two problems:
¥ Fainter than the brightest Cepheid:

¥ Not clear if the peak islwayst the
same magnitude



ODynamicalO distan
Indicators

¥ Both the Tully-Fisher (TF) relation and th:
Fundamental Plane (FP) and its projectic
the D,-0 relation, can be used to measure
the distances to galaxies, because they :

(roughly) depend on luminosity as

L o v?



TF as a distance

Indicator

® |fyou can calibrate a large 24
enough number of spiral S0k
galaxies with good rotation

curves, you can use the TF
relation as a distance
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bandpass and velocity

measurement correctly;
not that many Sc’s with
good Cepheid distances




The FP as a distanc
Indicator

¥ Recall that the
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Fundamental Planeise¢ V ;s (b) _ & -
relation between % - ]
velocity di_spersion, 3 af R
surface brightness, and © i )
. . l : -
effective radius . 05 -
a0 : )
¥ The brst two of those & oL E
are distance- o e LT
indepedenso the FP 0 05 1 1.5
actually gives you a log r. [kpe]

standard rulenot a
standard candle
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¥ In fact, a combination of
surface brightness and L sl
radius, called Dy, the radius
at a surface brightness of

20.75 in the B band, is very
well correlated with the

. . . b
velocity dispersion: g |
log D,, =1.33logo + C
¥ This makes D, a standard i v
length
¥ The problem is that
Cepheids don’t occur in
elliptical galaxies (which have 2.6 :_' -
old populations) and other o sl :
variables (like RR Lyraes) are F E
too faint > 22 -
o - -
¥ Need either clusters of *r B
galaxies with spirals with 1.8 i
known Cepheid distances o L ' :
2 25 3

or SN la to calibrate
log r, + 0.82log <I>,



¥ In fact, distances tndividual galaxiesing
Dn-0 (or the full FP) or TF are pretty
uncertain, seentire clusters of galaxiggr
at leastgroupf galaxies) are used to get
accurate distances




The Hubble Law and
the Hubble Constant

¥ 1n 1912,V.M. Slipher announced that he |
computed radial velocities for 12 spiral
nebulae and found that they were all
(except for M31) moving away from the

Milky Way, because their spectra were
redshifted

¥ by 1925, he had found that nearly ever
one of 40 nearby galaxies with redshift
were redshifted and moving away from



¥ In 1929, Edwin Hubble
presented a paper in
which he showed that
the distance® 18
galaxies inferred from
Cepheid variablewere
directly proportional to
their velociti€as
measured by Slipher):
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¥ Today this relation as
Hubble’s Law andHpo
IS known as the
Hubble Constant

¥ Typicallyyis in km/s anc
dis in Mpc, sdo IS In
km s' Mpc!

¥ The currently favored
value of the Hubble
constant iISHo=100h
km s! Mpc' = 7248
km s' Mpc'!, where
n=0.72 1s used to
narameterize the
Hubble constant
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-3.9 -3

—2.9 -2 -1.5 —1
log z
~ log(v/c) = logv — log ¢

Note how each method takes you out a

little further: That’s why this is often
called the “Cosmic Distance Ladder”
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¥ Note that the Hubble constant has units of
inverse time (s™')!

¥ The inverse of the Hubble constant thus
gives a timescale, called the Hubble time:

ty = ! = 4.35 x 10'"s = 13.8 Gyr
Hy
¥If the Universe has been expanding uniformly
since the Big Bang (which it hasn’t), then the
Hubble time should equal the age of the
Universe (which it nearly does!)



