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Imaging / Photometry

background

Point source

Extended/resolved
source

Photometry = Quantifying source brightness

UNIVERSITY Of

WARWICK



QE %

A

100

Detectors

CCDs are the defacto devices for imaging cameras in
the optical and IR

i Digital encoding of signal

I Linear response to light

I Broad wavelength sensitivity

I Many pixels (nowadays at least)
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CCDs

Quantum efficiency
Charge transfer

AD conversion

Readout noise

Thermal noise
Amplification gain

Non-linearity

Saturation

Pixel to pixel sensitivity
variations
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Imaging with CCDs

A Detector calibrations
I What is stored is the value of each pixel ; ADU
I Remove BIAS level
I Measure readout noise
I Convert ADU to photons via gain (e/ADU)
I Correct pixel sensitivities via FLAT FIELDS

A Photometry
I Extract source brightness from calibrated images
I Background subtraction
I Flux calibration
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overscarstrip

Mean offset
added to ensure
positivity of
signal =
BIASLEVEL

Pattern is noisy
due to readout
noise

BIAS frames are
closed shutter
readouts to
determine bias
level and
readout noise
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FLAT

Expose detector
uniformly to measure
pixekto-pixel sensitivity
variations and detector
defects

Can use illuminated
screensomeflatg or
the twilight sky
(skyflatg

Can also use flats to
verify gain factor to
convert from ADU to
photons
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bias strip to zero

Bias subtracted and
flat-field corrected
target frames are then
ready for photometry

Exploit nearby stars for
photometric reference

Differential photometry
just determines
brightness relative to
comp stars

Absolute photometry
requires flux calibration
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Source Detection

Establish locations
where there is
significant signal above
background

Example; automatic
source detection with
SExtractotool
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Source - Background

Define apertures that
designate areas of
source signal and
corresponding
background areas

Typically circular
source aperture with
background from
sourcecentered
annulus with suitable
inner and outer radius

Finite pixel sizes matter
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S/N

A Readout noise, dark current and background impact
achieved S/N

N = readout noise in electrons/pixel

Ng = #background electrons/pixel \

N = #dark current electrons/pixel

N, = #source electrons Nor-Polssonian

Then over a CCD area of n pixels:

SIN=N./(N.+n(Ng+ Ny + N2) )2
°© N2 for large N.
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Extracting the net source flux

Relevant is to establish the pix@&tale of
the imager (e.garcsecondper detector pixel)

Field of view is pixedcale times #pixels

Spatial resolution combination of seeing and
optical image quality delivered by telescope

Use point sources to characterise this PSF

How to sum signal? Lt e ey

- Just sum all pixels equally [aperture photometry]
- Weight pixels with some function [optimal photometry]
- Use accurate PSF to model source flux [PSF photometry]

THE UNIVERSITY OF

WARWICK



PSF radial profile
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Methods compared

A Aperture photometry
+ fast, straightforward, PSF independent, flexible
- how to choose best aperture radius
- poor in case of blended sources

A Optimal photometry
+ use knowledge of PSF to perform a weighted sum
+ aperture just need to be large enough
+ PSF doesnodot need to be known
- not much better for blended sources

A PSF photometry
+ necessary for properly handling crowded fields/blends
- need to know PSF accurately
- can introduce systematics
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Hard work

rowded field photometry

Galactic Bulge Field
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Difference Imaging

Good for variable
objects

Hard to do absolute
photomerty
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Photometric Calibration

A If stars within the field are pre -calibrated, then
differential photometry is easily turned into absolute
photometry

A Otherwise standard fields need to be observed to
derive a photometric calibration for the night

ADepends on suitably good ( 0]

A Extinction coefficients are also needed to correct for
alrmass differences between standard star and targets
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Photometric Systems

1 T T T T ™71

HST/NICMOS

Washington

ESO/EIS:
EMMI
?_ s
ESO/EIS:
WKl + SOFI
?_ —_—

' Johnson—-Cousins—-CGlass

4000 6000 8000
A(R)

Nominally each
telescope/ instrument
combination has its own
system as filters/
telescope throughput are
never exactly the same

Can transform between
systems after extensive
cross-calibration
measurements (depends
on spectrum of your
source!)

Vega systems (e.g. UVBRI)
versus AB magnitudes
(e.g. SDSaugriz)

SeeBessell 2005, ARA&A
for review
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Resources

A Books:
I Handbook of CCD Astronomy by S.B.Howell
I Astrophysical Techniques by C.R.Kitchen
I Electronic Imaging in Astronomy by I.McLean

A Reduction Software examples:
I IRAF (historically std, at many observatories)
i Starlink
I DAOPHOT for PSF photometry (many implementations)
I ISIS for difference imaging
I ESO MIDAS and Common Pipeline Library
I Trend is towards custom pipelines, e.g. ULTRACAM pipeline in C
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Example ; VISTA IR camera
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A Photometry at many wavelengths....

flux [ergs/cm® /s/A]
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Spectroscopy
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The basic spectrograph

slit collimator disperser
camera
telescope
focal plane
lens detector
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Spectrographs

A Slit aperture

Long and narrow slit ; spatial information along slit
Fibers ; multi -object and integral field
Multiple slitlets ; multi -object spectroscopy

A Dlspersers

Prisms; limited to low resolution
dg/dl = dn/dl ~ |-forglass)
Gratings ; reflective/ transmissive, holographic

Grisms ; grating on prism interface
Crossdispersers ; image many orders simultaneously
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Dispersion, resolution, sampling

The intrinsic resolution of the spectrum is governed by the telescope
PSF and the slit aperture

i Slit width > PSF ; seeing-limited resolution
i Slit width < PSF ; slit -limited resolution
i Resolving power; R=1 /DI

The disperser determines the physical dispersion of the light as a
function of wavelength

The detector must sample this physical scale accordingly [at least two
pixels per resolution element]

E.g. The ISIS spectrograph on the 4.2m WHT
600 groove/mm grating projects to 33 A/mm on detector plane

The spati al scale of the detector plan
CCD detector has 13.5 micron pixels, s
- maximum resolution at 2 -pixels is 0.89A
-this is 0.406 so need a 0.40 slit

- the CCD has 4096pix in the dispersion direction and covers 1822A

-R=D I/l =5,618 at 5000A
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Some real spectrographs
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Y pixel (along slit)

Long -slit spectroscopy

point sources

object red.fits

\ il |
\‘ 500 1000 1500 2000

X pixel (dispersion direction)

cosmic rays sky background

Aspectral format CCD ; more pixels in the dispersion direction to sample the spectrul
Aspatial information along the slit still available

UNIVERSITY Of

WARWICK



Echelle spectrographs

A Uses gratings at very high order (thus high resolution), and uses a
2"d low resolution cross-disperser to separate individual orders
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- dlit coverage

MIKE on Magellan

A Can reach very high R of few times 10 4- 10°
A Slit is short to avoid order overlap; limited spatial/sky info
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Integral Field Spectroscopy aka 3D

A Longslit can provide spatial information along the slit, can slice
extended objects ; I( x,I) [2D]

Optical Grating

A To sample targets in two spatial dimension, a bundle of apertures
IS needed ; I(x,y, ) [3D]

A Eachfiber/lenslet in the bundle is then fed into a spectrograph
and dispersed
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Integral Field Spectroscopy example
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Spers
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eachfiber projects a spectrum
I(x,y))
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Multi - object spectrographs

A Multiplex advantage by placing multiple apertures on the field of
view and feeding each of these through the spectrograph

A Good for wide field -of-view instruments where the density of
Interesting targets per field is large

A Main types

I No apertures ; just disperse the FoV
+ No light-losses in apertures
- Spectra/background of distinct sources overlap

I Use slitmasks ; cut short slits at position of each target
+ Get the same advantages as a single slit
- Need to make custom slitmask for each pointing
- Limited number of slits can be carved before spectra overlap

I Usefibers ; place fiber at each target position
+ Flexible and can setup fibers on the fly
+ Can re-image the fibers efficiently onto the CCD ; more objects
- Fiber size (=aperture) is fixed, background+target light combined ,; v virsity o
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Slitless spectroscopy

HST UV

Ano slitlosses, but also no control over resolution
Aconfusion / spectral overlap
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MOS slitmasks

Image of the FOV

reference stars
for pointing

Customslitmask

/ N
slits at targets

|
|
I
I
I
|
-
|
1
|
|
|

dispersed
spectra
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MOS example

Fiber

o <
OO 0 4 o® &Nu@@
o 0% q
- o%oo 5 +ad D oo -
00 © 04, PY Mooo& AO%A
o °% o.]0 L e
B g,
O 0 08
<
QR 2l ow 5 0% 0o
O @ ©0 aqa 2
o o)
(e Je 8, © w omm o)
- . o o -
° of 9, o, P T %oo e
O o OO q 80 &
° ¢ o@ of @%@o@ 0
L o Po”0 gy | “0 07 59 _
x ®0 %0 o o
PO X ECo 0
oo~ 9 oo %%
| o® o} |
,"u 2 - . ' - 4
N
prd
qu
-J
prd
N
©
N
D
Ql
@)
<<
— -

0 200

-200

IPHAS star forming region

WARW ICK



MMT HectoSpec
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MMT HectoSpec
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MMT HectoSpec

dispersion direction

eachfiber projects a spectrum
I(x,yl)
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Summary: Apertures

A Slit-based spectra

I 1D spatial profile

I good sky subtraction

I adapt slit -width and length to conditions and goals
I Not many targets

A Fiber-based spectra
I No spatial information over fiber
I Sky and target light combined
I Sky subtraction relies on sky fibers that may be far away
i Limited flexibility in terms of aperture size/geometry
I Very flexible for mapping FOV ; MOS/IFU
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Sky background

A Background has contrlbutlons from many Sources;
I Air glow ; strong discrete emission lines
I Zodiacal light ; m ,, ~ 22.-23.5
I Sun/Moonlight
I Aurorae
I Light pollution
I Thermal emission from sky, telescope and buildings
I Non-resolved astronomical background

A Most of these affect photometry, but their wavelength
dependence becomes key in spectroscopy
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1e6 Sky Background to 5.6um
10000 INearI-IR clgseup |
8000 t
6000
4000 f
2000 f
055600 12000 14000 16000 18000 20000 22000 22000
10000 20000 30000 40000

wavelength (A)

UNIVERSITY OF

WARWICK



Atmospheric transmission

A Atmospheric transmission is strongly dependent on wavelength

U\{ .Vislibl.e _ . _ llr!frgrgq

Carbon Dioxide

Oxygen and Ozone
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Rayleigh Scattering
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intensity

Telluric absorption

TELLURIC ABSORPTION
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Telluric absorption

TELLURIC ABSORPTION
|

0000000000
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Summary: Background

The optical/IR background is a composite of many sources
All of these are dependent on wavelength and their strength varies with time

Some correlate with lunar cycle, airmass, solar activity cycle etc., but many
variations are erratic

Background subtraction needs to be done on a wavelength by wavelength basis
and ideally is measured simultaneously with the object exposure

Some parts of the spectrum may be background dominated, others not ; error
propagation

Infrared is chiefly complicated by high overall background levels plus many sky
lines and telluric features

Recent detector improvements most noticable in IR with larger, cleaner arrays
of comparable quality of optical devices
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Atmospheric dispersion

A Differential atmospheric refraction will deflect a source
by an amount that is dependent on wavelength

[the index of refraction is a function of wavelength]

A A point source position on the sky is dependent on
wavelength!

A The displacement is towards the zenith and larger for
shorter wavelengths

A This obviously affects acquisition and slit -angle
strategies when obtaining spectroscopy
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Atmospheric dispersion

A Index of refraction: n( | T,p,)

wavelength, temperature, pressure, watepor

A Angle displacement: DR =R(,)- R(,)~ Dn(D ) tan z

zenith angle
(airmas$

ASome example shifts (0)A:re

30004 | 40004 60007 10000A

1.00 0.00 0.00 0.00 0.00
1.25 1.59 0.48 -0.25 -0.61
2.00 3.67 1.10 -0.58 -1.40
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Atmospheric dispersion

Make sure you acquire the target at a
wavelength relevant for your spectral
range [TV filter]

\

Differential refraction will mean zenith

differential slit - ossesd: can only
object at one |

If the slit is vertical (relative to
horizon/zenith line), differential
refraction will occur purely along the slit

T

zenith

This means that the slit PA. (sky angle)
must change with time. The vertical PA.
Is the parallactic angle
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Extracting the spectrum

We will use the longlit example as our template, multiplexed configurations
whether for multiple orders or multiple objects is iff @rder just multiplexing
single object spectral extraction

UNIVERSITY OF

WARWICK



