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Field correcting optics

Figure 4.2
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Optimal slit orientation for long multi-object
spectroscopic exposures™

G. P. Szokoly

4. Atmospheric dispersion

The most up-to-date atmospheric dispersion determination, the
Ciddor formula (1996) is reviewed in the Appendix. The most
important formulas are:

pTo

AR(A) = R(A) — R(Ap) = (n(A) — no)tanz, ~ —
poT

(Ma5(A) — nas(Ap)) tan z,.

) . o Po =760 mm, To =288 K
The index of refraction, n, of standard air is

5792105 ym ™2 s 167917 ym™>
238.0185um==2 - o2 = 57.362 um=2 — o2’

10845 — 1) = 2)

where o is the wave number (reciprocal of the vacuum wave-
length) in inverse micrometers.



Chromatic Aberration
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atmospheric refraction (arcsec)

Differential Chromatic Aberration
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Near-infrared camera

collimator

Multiple mirrors fold light path
and enable cold optics and
small filters but also lead to
vignetting and ghost images

fold beam
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For more details, talk to
Klaus Hodapp, or take his
beamsplitter mirror instrumentation course!

Figure 4.3
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Why image?(!)

allow centering on the source and setting other
parameters of extraction of photometry after
the fact

enable use of small apertures in crowded fields
and rejection of backgrounds for improved
sensitivity

allow differential photometry relative to other
sources in the field for accurate measurements
under non-optimum conditions

enable removal of foreground stars that might
interfere with the signal from an extended
source

enable use of custom extraction apertures with
shapes optimized to the shape of the source
allow construction of multiple-color images for
comparison of the behavior of a source in all
the colors precisely.




How to take good data

Repetition

« Multiple images allow systematic identification
of outlier signals due to cosmic rays and other
transients.
« They also allow replacing areas compromised
by cosmic rays, latent images, hot or dead Consistency

pixels, ghosting, etc. with real data. i )  wqs
+ By dithering the pointing on the sky between The second rule of imaging photometry is “don’t

exposures (moving the telescope slightly so change anything.” Artifacts like MUX glow,

that the images fall on different parts of the pedestals, and many others will disappear from the
reduced data virtually completely if all the input

data — science and calibration frames — are taken
in identical ways (e.g., constant exposure times and
readout cadences, plus constant temperatures and
backgrounds).

array), the sky signal itself can be used to
flatten the image (as discussed below). If the
sky dominates the signal, then fringing effects
are removed to first order, along with many
other potential contributors to non-flatness.
These benefits require at least three dither
positions and more are better.

+ Properly sampled images are another form of
repetition — more than one pixel contributes to
the signal. Accurate photometry benefits from
spreading the light over multiple pixels (which
can also be done with dithering).



Calibration

i.e., how to make a uniform image so that a star would have the
same value if it were moved to a different part of the image

Multiple dithered exposures
Bias frame (or “offset”)

Dark frame
Flat field (possibly created from data => “response”)

« Pre-process to remove read-out artifacts
« Median filter to remove cosmic rays

data’ = data — offset
dark’ = dark — offset
response’ = response — offset
data” = data’—o dark’
response” = response’—ff dark’
final frame = data” /response”

Note that the book assumes response created from data and
therefore has the same integration time. If you use a separate
flat field, scale counts appropriately by integration time.



Coordinate Systems: horizon axa. at-ar

azimuth

nadir



Coordinate Systems: horizon axa. at-ar

Advantages:

e Things like to be built perpendicular to local gravity.
E.g. often used as reference frame to describe where
telescopes are physically pointed.

® Stars are only visible with altitude > 0°

Disadvantages:

® Coordinates of stars depend on observing location,
because the Earth is really a sphere, not a plane.

e Even at one specific site, the position of a star varies
with time as the Earth rotates.






Coordinate Systems: equatorial




Coordinate Systems: equatorial

Spherical trigonometry gives the
conversion between alt-az and
HA-6, given your latitude, ¢

sind = sin¢ cosz + cos @ sinzcos A

sinzsinA
casd

sin HA =

North Star = Hokupa’a in Hawaiian = “star that never moves”



The book that almost killed my high school interest in astronomy...

Textbook

Textbook on Spherical Astronomy

By

Spherical W, 1 SMART
Astronomy

Rugivg Professsr of Asronomy in the Univorvity of
Gloagow 1937-00, formrly John Comeh Adaws
Asronomer in s University of

Sixth edition
revised by

R. M. GREEN
Lecturer in Astromomy, University of Glaggow

CAMBRIDGE UNIVERSITY PRESS

CAMBRIDGE
LONDON*NEW YORK*NEW ROCHELLE

MELBOURNE*SYDNEY



Coordinate Systems: equatorial
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https://en.wikipedia.org/wiki/Right_ascension



Coordinate Systems: Ecliptic
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https://en.wikipedia.org/wiki/Ecliptic_coordinate_system
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Coordinate Systems: Galactic

north
galactic
pole

https://commons.wikimedia.org/w/index.php?curid=20028939




Coordinate Transformations

Astropy v3.0.4 » Astronomical Coordinate Systems ( astropy.coordinates )
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Astronomical Coordinate Systems
(astropy.coordinates)

Introduction

The coordinates package provides classes for representing a variety of celestial/spatial coordinates and their veloci-
ty components, as well as tools for converting between common coordinate systems in a uniform way.

Getting Started

The simplest way to use coordinates is to use the SkyCoord class. SkyCoord objects are instantiated by passing
in positions (and optional velocities) with specified units and a coordinate frame. Commonly sky positions are passed in
as Quantity objects and the frame is specified with the string name. As an example of creating a SkyCoord to repre-
sent an ICRS (Right ascension [RA], Declination [Dec]) sky position:

>>> from astropy import units as u
>>> from astropy.coordinates import SkyCoord
>>> ¢ = SkyCoord(ra=10.625%u.degree, dec=41.2%u.degree, frame='icrs')

The initializer for SkyCoord is very flexible and supports inputs provided in a number of convenient formats. The fol-
lowing ways of initializing a coordinate are all equivalent to the above:

>>> ¢ = SkyCoord(10.625, 41.2, frame='icrs', unit='deg')

>>> ¢ = SkyCoord('00h42m30s', '+41d12m00s', frame='icrs')

>>> ¢ = SkyCoord('00h42.5m', '+41dl2m')

>>> ¢ = SkyCoord('00 42 30 +41 12 00', unit=(u.hourangle, u.deg))
>>> ¢ = SkyCoord('00:42.5 +41:12', unit=(u.hourangle, u.deg))
>>> ¢

<SkyCoord (ICRS): (ra, dec) in deg
(10.625, 41.2)>

The examples above illustrate a few simple rules to follow when creating a coordinate object:

« Coordinate values can be provided either as unnamed positional arguments or via keyword arguments like ra
and dec ,or 1 and b (depending on the frame).
« The coordinate frame keyword is optional because it defaults to ICRS.
« Angle units must be specified for all components, either by passing in a Quantity object (e.g.,
10.5*u.degree ), by including them in the value {(e.g., '+41d12m00s' ), orviathe unit keyword.

http://docs.astropy.org/en/stable/coordinates/



Time

A A Solar and sidereal time differ by
one day over one year (i.e. stars
rise 4 minutes earlier each day).

Local Sidereal Time, LST = Oh
when the Vernal Equinox is on
the observer’s meridian

Vernal (spring) equinox occurs when (ao, 60) = 0", 0° ~ March 21
Autumnal (fall) equinox occurs when (ag, 8g ) = 12", 0° ~ Sept 21

=> midnight on fall equinox has LST = 0O
and LST advances by 24h over a year => 2 h per month
=> Octhas LST ~ 2% Nov LST ~ 4" Dec LST ~ 6%, etc




Time

north
celestial pole

|

|

X\ south
celestial pole

HA = LST - RA

Negative hour angles mean the source is rising,
positive => setting



Practical matters for the Observer

At the telescope:

e | ST (software) clock tells the RA of objects that are transiting. This provides the
quick initial guide to what is observable at that moment.

e The & of the target and its hour angle (= LST — RA) determines the altitude of the
target. At HA=0, the target is transiting and at maximum altitude.

e |t is preferable to observe targets when they are high in the sky, i.e. high altitude =
small zenith angle = low airmass, due to better image quality and less atmospheric
absorption. Altitude > 30° (airmass < 2.0) is the typical practical limit.

e At Mauna Kea (latitude = 20°), this means targets with 6> -40° can be observed. Of
course, you can go to more southern targets if you are desperate.

® The observing “window” (duration above 30° altitude) depends on 6. Targets with 6
similar to your latitude have the longest window.

e Remember the factor of 15 conversion between RA(sec of time) and RA (arcsec).

e Remember the cos 6 term when computing the RA offset from 1 position to another.



Precession

https://en.wikipedia.org/wiki/Precession



Nutation

https://en.wikipedia.org/wiki/Nutation



FITS headers

SIMPLE = T /Standard FITS

BITPIX = -32 /Floating point (32 bit)

NAXIS = 4

NAXIS1 = 301

NAXIS2 = 301

NAXIS3 = 1

NAXIS4 = 1

EXTEND = U

BSCALE = 1.000000000B0BOE+0O /PHYSICAL = PIXEL*BSCALE + BZERO
BZERO = 0.080BOBOOOOBOE+BD

BMAJ = 9.401304026445E-05

BMIN = 6.879151695384E-085

BPA = -6.978932086836E+01

BTYPE = 'Intensity'

OBJECT = 'RA16_25_38.112'

BUNIT = 'lJy/beam ' /Brightness (pixel) unit
RADESYS = 'ICRS L

LONPOLE = 1.860000000000E+B2

LATPOLE = -2.437673888889E+01

CTYPE1L = 'RA-—SIN'

CRVAL1L = 2.4640B880000080E+B2

CDELT1 = -8.333333333333E-86

CRPIX1 = 1.5908000000080E+82

e R L RA()) = CRVAL1 + (i — CRPIX1) * CDELT1
CRVAL2 = -2.437673888B89E+01 H

CDELT2 = 8.333333333333E-06 I = 1’ 2’ 3’ NAXIS1
CRPIX2 = 1.9700000000080E+B2

CUNIT2 = 'deg L

More generally, CD1_1, etc provide a matrix transformation
between pixel (i,j) and sky position (x,y) — see Griesen et al. 2002



@ astropy:docs

Astropy v3.0.4 » FITS File handling ( astropy.io.fits )
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FITS File handling (astropy.io.fits)

Introduction

The astropy.io.fits package provides access to FITS files. FITS (Flexible Image Transport System) is a portable
file standard widely used in the astronomy community to store images and tables.

Getting Started

This section provides a quick introduction of using astropy.io.fits. The goal is to demonstrate the package’s ba-
sic features without getting into too much detail. If you are a first time user or have never used Astropy or PyFITS, this is
where you should start. See also the FAQ for answers to common questions/issues.

If you want to read or write a single table in FITS format then the simplest method is often via the high-level Unified
file read/write interface. In particular see the Unified I/0 FITS section.

Reading and Updating Existing FITS Files

Opening a FITS file

Once the astropy.io. fits package is loaded using the standard convention [1], we can open an existing FITS file:

>>> # Generally you would store the filename as string but in case you

>>> # have no suitable FITS files you can use the ones shipped with Astropy
>>> # like this:

>>> from astropy.io import fits

>>> fits_image_filename = fits.util.get_ testdata filepath('test0.fits')

>>> hdul = fits.open(fits_image_filename)

The open () function has several optional arguments which will be discussed in a later chapter. The default mode, as in
the above example, is “readonly”. The open function returns an object called an EDUList which is a 1ist-like collec-
tion of HDU objects. An HDU (Header Data Unit) is the highest level component of the FITS file structure, consisting of a
header and (typically) a data array or table.

After the above open call, hdul[0] isthe primary HDU, hdul[1] is the first extension HDU, etc (if there are any
extensions), and so on. It should be noted that Astropy is using zero-based indexing when referring to HDUs and head-
er cards, though the FITS standard (which was designed with FORTRAN in mind) uses one-based indexing.

The HDUList has a useful method EDUList.info (), which summarizes the content of the opened FITS file:

>>> hdul.info()
Filename: ...test0.fits

No. Name Ver Type Cards Dimensions Format
0 PRIMARY 1 PrimaryHDU 138 ()
1 scI 1 ImageHDU 61 (40, 40) intlé
2 SCI 2 ImageHDU 61 (40, 40) intlé
3 scI 3 ImageHDU 61 (40, 40) intlé
4 SCI 4 ImageHDU 61 (40, 40) intlé

After you are done with the opened file, close it with the EDUList.close () method:

>>> hdul.close()

« previous | next »



Apparent motion of a star seen from Earth o M Ove m e nt With i n
the ICRS

m = 1"/d(pc)

Vean = 4.74 (/”—yr) (%)

V:qn = Velocity tangential to the line of sight (km/s)
W =proper motion
d =distance.

where

\

W ‘vh‘/\- -
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Combined motion - as seen by Gaia




Stellar Aberration

motion of Earth makes light
appear to come from direction

light from star ahead of actual dim;’on

star appears up to
20 arc seconds "ahead”

of true position

stationary Earth moving Earth

http://cseligman.com/text/history/bradley.htm



Stellar Aberration

https://commons.wikimedia.org/wiki/File:Stellar_aberration.JPG



Stellar Aberration
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Parallax and Aberration
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stellar position is

opposite position of Earth
(also, size depends upon distance)
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aberration
stellar position is offset

in direction of Earth's motion
(also, independent of star's distance)
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http://cseligman.com/text/history/bradley.htm



