How to measure stars:
Methods and Challenges of Photometry
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Please interrupt and ask
questions at any point
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What is photometry??



What is photometry??
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What is photometry??

Measuring the brightness of a source on an image



Type Ia Supernovae — redshift(z)
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Type Ia Supernovae — redshy

Every step of the distance | o-0135msg
ladder relies on

precision photometry
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How to take images

 Point a telescope at the sky

* Light is projected onto a detector (a CCD for our wavelengths)
 Photons excite electrons in the detector surface

* Electrons then sit in a pixel well

 Read out : count the electrons in each pixel

 Now you have an image!
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Remember: images are discretized

You can only see detail down to the pixel size

>




Types of photometry

 Aperture photometry

 Measure counts through a given “aperture” radius



Types of photometry
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 Point-spread function (PSF) photometry

 Measure weighted counts based on the shape of a source on an image



Types of photometry

Simple case

 Aperture photometry

 Measure counts through a given “aperture” radius

 Point-spread function (PSF) photometry

 Measure weighted counts based on the shape of a source on an image



Types of photometry

Simple case

 Aperture photometry

 Measure counts through a given “aperture” radius

e Good for isolated stars



. outer radius
——— of background
’ annulus

Inher radius
of background

annulus
B

object apertur'e

Obiject aperture:

Add up the counts
inside of this
selection

Essentially “how
many photons are in
this area”



. outer radius
——— of background
’ annulus

Inher radius
of background

annulus
B

object apertur'e

Background annulus:

Used to measure the
background flux
behind the source

Subtracted from
object aperture flux
to give only source

counts



. outer radius
——— of background
’ annulus Source counts:

Aperture - background

inner radius (same area)

of background
annulus
n

. | Calibrated flux:
Divide by reference flux

object apertur'e




Types of photometry

 Aperture photometry

 Measure counts through a given “aperture” radius

 Point-spread function (PSF) photometry

 Measure weighted counts based on the shape of a source on an image

This is what we use for the
extragalactic distance scale
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Point Spread Function

 How a telescope spreads out the light from a perfect source
» Different for each:

* [elescope

* |nstrument

* Wavelength
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Light Is a wave packet




Point Spread Function

 How a telescope spreads out the light from a perfect source
» Different for each:

e Jelescope : shape of the mirror and obstructions

* |nstrument

 Wavelength



Think of PSFs as a (complicated) interference pattern

_ Tiled
Tiled Hexagons
Hexagons ith gaps

Hexagon

Aperture

Image of
a point
source




Point Spread Function

 How a telescope spreads out the light from a perfect source
» Different for each:
e TJelescope : shape of the mirror and obstructions
* |nstrument : light path through the optics and detector response

 Wavelength
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Point Spread Function

 How a telescope spreads out the light from a perfect source

» Different for each:
e TJelescope : shape of the mirror and obstructions

* |Instrument : light path through the optics and detector response

« Wavelength : 0 o« A/d






NIRCam Filters

Short Wavelength Channel Long Wavelength Channel
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PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



Astronomical images

o fits format
* Image in either electron “counts” or converted to convenient energy units
 Header: contains information about the image, including position

 World Coordinate System (WCS) -> assign each pixel a location on the sky



What we get from the telescope

AstroView

N ' '

| List View -4 Album View

Edit Columns... Table Display: All v Show Preview: | | Show Cutout:

Actions Observation T... Mission Provenance Name Instrument Project

1 2 A science HST CALWF3 WFC3/UVIS  HST

2 A science HST CALWF3 WFC3/UVIS ~ HST

3

science HST CALWF3 WFC3/UVIS HST

NN
KRG

science HST CALWEF3 WFC3/UVIS HST

science HST CALWF3 WFC3/UVIS HST

science HST CALWF3 WFC3/UVIS HST

(@)
KRG

science HST CALWF3 WFC3/UVIS HST

N
KRG

science HST CALWF3 WFC3/UVIS HST

o

science HST CALWF3 WFC3/UVIS HST

-
o
KRG EG

science HST CALWF3 WFC3/UVIS HST

2

science HST CALWF3 WFC3/UVIS HST




What we get from the telescope

Multiple images

Frequently
over multiple
visits




What we get from the telescope
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Image Alignhment

» Detect sources on each image

* Eliminate cosmic rays

» Calculate geometric transformation to match images

e Subpixel alignment: less than 0.1 pixels, or 0.006”



Image Alignhment

Detect sources on each image
Eliminate cosmic rays

Calculate geometric transformation to match images

Subpixel alignment: less than 0.1 pixels, or 0.006”

This is my least favorite step in the the entire process of photometry



Image drizzling

 Package provided by Space Telescope Science Institute (STScl)

DrizzlePac



Image drizzling

* Three things drizzling does:

* 1. Produces a “stacked” image with higher SNR and better resolution

o 2. Eliminates cosmic rays

* 3. Applies geometric and pixel area corrections



Smaller drops ->
Finer resolution

Fine output grid

EE

Bi%%?{e?rgﬁlsq_> Coarse input pixel gria 5 D

Image source : https://www.stsci.edu/~fruchter/dither/drizzle.html






Two options for photometry

* Drizzled photometry (work directly on the stacked image)

* |ndividual image photometry (often necessary for variable stars)



PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



PSF options

Model PSF

Model PSF with on-
iImage adjustments

Empirical PSF

Provided by telescope
team

Measure real stars on
image and make small
adjustments to model

Build a PSF model on
image from the stars




PSF options

Model PSF

Model PSF with on-
iImage adjustments

Empirical PSF

Provided by telescope

Measure real stars on
image and make small

Build a PSF model on

team adjustments to model image from the stars
Easy, but Ideal, but
sometimes A good balance sometimes
Inaccurate Impossible




PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



Fitting a PSF

Two properties to adjust

 How bright is the star?

i Increasing flux




Fitting a PSF

Two properties to adjust

 How bright is the star?  Where is the star in pixel space

| Increasing flux \ X/Y position




PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

* Detect sources on the image (starting here)

* Fit the brightness of those sources using the PSF

» Subtract detected sources

 Second (or more) passes for detection (do it again!)

* Apply aperture corrections and photometric zero point



PSF photometry

The basic process

* Prepare your images

 Measure or adopt a PSF

» Detect sources on the image

* Fit the brightness of those sources using the PSF
* Subtract detected sources

e Second (or more) passes for detection

* Apply aperture corrections and photometric zero point



Aperture corrections (first order)

 PSFs extend to infinity!

* We only measure out to 70-80% of the flux in PSF photometry, 90% in
aperture photometry

 Need to add the “missing” flux




Aperture corrections (second order)

 Measure bright and isolated stars on the image

* Construct a “growth curve” -> magnitude of star in consecutive apertures

ACS/WFC Encircled Energy Curves

—e— F435W
—o— F4/5W
—e— F502N
—e— F555W
—e— F550M
—e— F606W
—o— F625W
F658N
F660N
F/775W
F814W
—eo— F892N
1 1.2

Radius [arcsec]

Source: STScl



Aperture corrections (second order)

 Measure bright and isolated stars on the image

* Construct a “growth curve” -> magnitude of star in consecutive apertures

» Difference between PSF magnitude and aperture magnitude is the aperture
correction



Artificial star corrections

* Place “fake sources” on an image

 Remeasure them through the exact same process as the real stars



What can artificial stars tell you?

 Recovery rate;

O

 What fraction of stars
of a given brightness
do you detect?

Recovery rate
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Jang et al. 2023

Phot A, Entire field




What can artificial stars tell you?

5 T ARSI EIACR
Inner region, Phot D
e Actual error bars

 Photometry softwares
underestimate errors

-
-
1
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o

27 28
F814W

Jang et al. 2023



What can artificial stars tell you?

 Crowding / blending bias (not usually large for TRGB)

* Important for Cepheids



What can artificial stars tell you?

 Crowding / blending bias (not usually large for TRGB)
* Important for Cepheids
* |ncorrect sky measurement

» Additionally, when the PSF of two stars become too close together, you can’t
distinguish them
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How stable is photometry?



Sometimes, very!

Cepheid Magnitude Range
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Sometimes, not so much ...

-0.3
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