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Galaxies are the building blocks of our Universe

The “Hubble Deep Fields” © NASAThe Milky Way (top ) and the Andromeda galaxy (bottom)
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The Hubble-Lemaître law – expansion of the Universe

Edwin Hubble

Each point in the diagram is a Galaxy

George Lemaître

Slope = H
ubble co

nsta
nt H 0

Jha (2002)

v = H0 d
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The Hubble-Lemaître law is one of the fundamental empirical evidences for a Big-Bang
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The accelerated expansion of the Universe

Adam Riess Brian Schmidt     Saul Perlmutter “distance”

Hubble-Lemaître
law

Departure from simple 
Hubble-law at large distances
(i.e. in the past)
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Adam Riess Brian Schmidt     Saul Perlmutter

Existence of “dark energy” in the Universe
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It all depends on distance determinations…

Each point in the diagram is a Galaxy

Slope = H
ubble co

nsta
nt H 0

Jha (2002)
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o Laser/radar ranging

o Trigonometric parallax – Hipparcos, Gaia, VLBI

o Indirect methods – Cepheids and Supernovae Ib

o The “cosmic distance ladder”

o Other applications of VLBI – The Event Horizon Telescope
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How do astronomers measure distances to celestial objects?

”The only good distance indicator… is a tape measure.”
Jeremy Mould (2014) laser distance measurer
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But that’s only possible for objects in the Solar System
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But that’s only possible for objects in the Solar System

Added bonus: actually seeing the surface of Venus.
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What do we do (on Earth) when we can’t use a tape measure?

We use triangulation!!
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What baseline do we use? The motion of the Earth about the Sun!

The motion of the Earth about the Sun
causes “nearby” stars to exhibit an apparent
motion on the plane of the sky, called
trigonometric parallax. 

It is an apparent motion because it occurs
even if the star does not actually move
relative to the Sun. 

To determine the trigonometric parallax of a 
star, one must measure its position at 
mutiple times and follow the trajectory of 
the star on the plane of the sky. Thus, it
implies doing astrometry.   

Astrometry also delivers the actual motion
between the Sun and the stars (6D). 
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How do we relate trigonometric parallax and distance?

v

This leads to the definition of the unit
of distance used in astronomy: 

A star whose parallax is 1 arcsecond is
located at 1 parsec (= 3.26 light-year).

(parsec is “per arcsec”)
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So it’s easy to measure distances in the Universe, right?

0.5 grado = 30 m
inutos de arco

1 minuto de arco

The nearest stars are farther than 1 pc –
their parallax is smaller than 1arcsec. 
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So it’s easy to measure distances in the Universe, right?

You are 
here

There are about 1011 stars in the Milky Way.

Only about 400 within 10 pc of the Sun.

To reach a large fraction of the stars in the
Milky Way, we need to probe out to about
10 kpc. The corresponding parallax is 100 
micro-arcseconds.  

1 micro-arcsecond is a very small angle…
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A brief historical interlude…

During more than 13 centuries, the most accepted model of the
Universe was the model proposed by Ptolemeo (150 AD). In that
model, the Earth was at the center of the Universe, and all other
bodies revolved around it.

In 1514, Nicolaus Copernicus, a Polish astronomer of the
Renaissance, proposed an alternative model where the Sun is at
the center and the Earth revolved arount it.

Since the trigonometric parallax is a consequence of the rotation
of the Earth around the Sun, detecting the parallax would prove
Copernicus’ model. Many of the famous early astronomers
(Galileo, Tycho, etc.) tried
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A brief historical interlude…

Finally, three astronomers independently
did it during the 1830’s (Bessel, Stuve
and Henderson) for three different stars
(61 Cygni, alpha Centauri, y Vega).

Only a few hundred stars had measured
parallaxes by 1990.
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In 1989, the European Space Agency (ESA)
launched a satellite called Hipparcos (The High
Precision Parallax Collecting Satellite) fully
dedicated to parallax measurements.

It measured about 100,000 parallaxes, with a
typical accuracy of 1 milli-arcsecond.

It changed all fields of astronomy.
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In 2013, the European Space Agency (ESA)
launched a second astrometric satellite called
Gaia. Its expected accuracy is 10 – 100
microarcseconds.

It will measure distances to more that 109 stars.

It will revolutionize all fields of astronomy.

Second data release (DR2) came out about 6
months ago. Final results will be published in
2021.



Examples of Gaia results.
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El asteroide Oumouamoua.

Rotation of the Magellanic Cloud.



Not all objects are detectable by Gaia: star-forming regions.
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Stars form in dusty interstellar
clouds which are opaque to optical
radiation.

Gaia can’t see forming stars. 

Dust clouds



Dust opacity is strongly chromatic.
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At radio wavelengths, dust is completely transparent.



If the aperture of an optical
instrument is D, then the angular 
resolution is l/D, where l is the
wavelength. 
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Can we use radio observations to complement Gaia?

It’s all about angular resolution.
D



100 meters
Angular resolution is of  order 20 arcseconds at l = 1 cm 
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Separation up to 36 kilometers
Angular resolution is of  order 0.1 arcseconds at l = 1 cm
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Interferometers
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Separation of  8,000 kilometers
Angular resolution is of  order 0.3 milli-arcseconds at l = 1 cm



100 meters

“Single-dish” telescope
Green-Bank Telescope
D = 100 m
q = l/D = 20’’ @ 1 cm

“Conventional” interferometer
Very Large Array
B = 36 km
q = l/B = 0.1’’ @ 1 cm

36 kilometers

“VLBI” interferometer
Very Long Baseline Array
B = 8,000 km
q = l/B = 0.3 mas @ 1 cm

8,000 kilometers
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IAU PhD Prize 2017 for Gisela Ortiz
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Galli et al. (2018)
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Mprimary = 1.3969   0.00194 Msun
Msecondary = 1.258  0.006 Msun
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6D Tomographic view!



150 pc

W40  Serpens
South

800 pc?

260 pc
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The distance to Serpens



150 pc

W40  Serpens
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The distance to Serpens
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The structure of the Milky Way

Reid et al. 2014
Messier 51
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You are 
here

It is still only a small portion of the Universe…
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Cepheid stars

Rotation period

Intrinsic luminosity

Apparent brightness

Distance

Cepheid stars are fairly bright so they
can be detected in external galaxies
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Type Ia supernovae

White dwarf
(gravitation balanced
by degeneracy of 
electrons)

Companion star
loosing mass to the
white dwarf.

If/when the mass of the White dwarf
exceeds 1.4 Msun, the electron
degeneracy can no longer counteract
gravity.  

It explodes as a so-called type Ia
supernova. Type Ia supernovae all have
very similar intrinsic brightnesses
(because the energy released comes 
from gravitational energy, and they all
have the same mass when they
explode).

Comparing apparent brightness to 
intrinsic luminosity gives the distance.
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All this needs to be calibrated
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Solar System Measurements

Trigonometric parallax measurements (incl. Cepheids)

Cepheids in external (“nearby”) galaxies (incl. SN Ia) 

Supernovae Ia in distant galaxies

v

The cosmic distance scale ladder
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Adam Riess Brian Schmidt     Saul Perlmutter

Existence of “dark energy” in the Universe
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The LMT in Puebla as a VLBI element.
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The Galactic center



A zoom toward the Galactic center

@ National Radio Astronomy Observatory
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A zoom toward the Galactic center
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@ National Radio Astronomy Observatory

A zoom toward the Galactic center
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Ghez et al.
Genzel et al.

Mass = 4.1 106 Msun
(in a radius of 6 light-
hours -more or less
the size of the Solar 
system)

The Schwarzschild
diameter is about 40 
microarcseconds.
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Angular resolution in about 20 
microarcseconds (at a wavelength
of 1.3 mm)

Can resolve Sgr A* at scales of the
Schwarzschild radius.
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First VLBI results with the LMT
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Theoretical simulation How that image would look like to the EHT

Rotation

This side
is Doppler
boosted

That side
is Doppler
busted
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Second target: Messier 87

About 2,000 farther, but about 1,000 times more massive.
The angular size of the Schwarzschild radius is similar as Sgr A*. 
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The first images of a black hole (from 2017 observations) 
February 15, mark your calendars…

EM
BAR

GO
ED
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Interested in astrophysics?

Please visit the stand of the UNAM astrophysics graduate
school!!


