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Seeing

« Astronomical seeing is the blurring of astronomical objects
caused by Earth's atmosphere turbulence and related
optical refractive index variations (air density fluctuations).

It impacts the intensity
(scintillation) and the shape
(phase) of the incoming

 This presentation will ignore
scintillation. PRI mme
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Irl Wavefront and phase distortion
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An incoming plane wave is perturbed by the Earth
atmosphere turbulent structure leading to phase errors.

plane wave perturbed wavefront

T N —

Phase error l
“~1.

'EiF'ECZKLES credit Bruce MacEvoy
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The Reynolds’s (O. Reynolds 1883) number Re predicts flow
patterns.

Fluid dynamics

inertial forces  pvL
e = . —

viscous forces 7
P Density
V' Velocity
L Characteristic length
" Viscosity

40 < Re < 200,000

For air flow with velocity of few km/h and for length scales of
0.1km to 1km Re > 106,
Therefore the atmosphere is almost always turbulent.
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Irl Source of optical turbulence
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Energy is transferred by a turbulence cascade form the outer
scale L, to the inner scale |, until heat dissipation (friction).
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Eddies exhibit different air density -> different refraction index
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The Kolmogorov’s turbulence model (A. Kolmogorov 1941)
assumes an infinite outer scale turbulence (OST) value L.

The related wave front phase error variance, known as the
phase structure function, is given by:

] 507
- 1(250)

Dy(r) = (49(r)?) = 6.88(2)

To

1o IS known as the Fried’s parameter,
or coherence length.
(David Fried 1960)

(-15%)
=307
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The Fried’s parameter r, is the diameter for which the rms
wave front phase error is about 1 radian, or ~A/6.
It is the “average” turbulence cell size.

-3/5 °©

_ 2m)° 2
ro =1(0.423 (7) sec(z)jo Cy(h)dh

z zenith angle, 1 the wavelength and
Cé(h) is the atmospheric turbulence
strength at the altitude A.

Scope aperture D > r0

r, is @ function of the wavelength and increases as 1°/5.
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Irl *. Atmospheric turbulence strength

Cz(h) is the profile of the atmospheric strength as function of

the altitude A.

20 -
15—
104 distant, rarefied tropopause
high velocity turbulence
5 -
proximate, dense boun dﬂﬂ-’ ."ayer
low welocity turbulence
o
1“‘13 | | | I1I“—1T | I | I1I|]_1E I | | |1=]_‘15 1

turbulence structure (C2)
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Time (Hours, local)

-160 -156 -152 -148 —]I4.4 -f&.ﬂ 136 —‘.I3‘2 -128 -124 -120

Log (% function of time and altitude,

IKT observatory, La Palma - Canary lslands, May 2013
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1o IS the equivalent diameter of a seeing limited scope of

aperture D>>r, . FWHM ] ,
Diffraction Iimited rB < 1 35---R--- Seeing limited FWHM versus r0
0 : : i
A T T e e e S A
FWHM — B [radian] P _______ | Kolimogoirov's ri'n(:idelE _________________________

@ 550nm

Seeing limited r3 > 1
0

A
FWHM = — [radian]

—— Ty

long exposure

" = radian X 2-10° % A
7o [mm/inch] 110/4.3 74 /2.9 56/2.2 44 / 1.7 37/1.5

(c) Innovations Foresight 2016 - Dr. Gaston Baudat 9



r0 (Fried seeing parameter) Histogram

median r0 = 10 cm Seasonal Variation of Seeing
50 (2000-2002)
.
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T corresponds to the time for which the changes in the
turbulence becomes significant (1 radian rms, ~1/6).
One assumes that the turbulence pattern is moved by the
wind faster than it evolves:

r
To = 031_0 4 ;7
» e = I
vV
= *["—\\_-——:’/‘k{‘t\j‘ /

where v is the average wind speed

Typical v ~10m/s (~20mph)
ro = 50mm — To = 1.5ms Tclcscopc' Sredt Tokeumn

T, is a function of the wavelength and increases as 1°/5.
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(c) Innovations Foresight 2016 - Dr. Gaston Baudat 12
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For exposure times t<<t, the seeing is “frozen”.

Nb. of speckle ~(D/1y)?

Nb. of AO degree of freedom ~(D/ry)

D /r, decreases as 1%/5

Diffraction limited operation is easier at longer wavelengths
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Atmospheric energy transfer goes from the largest (L,) down
to smaller scales (l,), the strongest distortions are on the
lowest-order Zernike’s modes (~tilt/tip, piston ignored).

(%) = < )5 . iz] (Noll, 1976)  (¢?) decreases as 1/2

Aberrations and seeing

RS L
— Tilt/tip 36%
/ \_,@ ( - . Defocus 33%
PR N Astigmatism 25%
S N ( ]'\ ,‘z:_ Coma (3" order) 23%
’ : @ \ Spherical (4t order) 21%

. , Trefoild (3" order) 19%
Zernike’s polynomials
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Long term seeing t >> 1,

For exposure times t >> 1, the seeing is averaged.

A
FWHM = —

A
FWHM = 0.3 —
To

Tilt/tip removed

1
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Normalized relative amplitude

Point Spread Function (PSF)

L T - @550nm -

~-* D=279mm (11")
o0 =50mm
" Dfro=5.6
" Diffraction limited
| PSF@550nm

Long exposure PSF

Long exposure

. J ____________ N PSF —

till/tip removed

................................................
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The angle for which the wavefront error remains almost the
same (~A/6) is known as the isoplanatic angle:

rO : P i P
0o = 0.31--

h ~ 5km, 0, is usually few

arc-second across (@550nm):
ro = 50mm - ~ 0.6" ;
ro = 200mm - ~ 2.6” n

ATMOSPHERE

0, increases as 16/5 T
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Irl Effect of the isoplanatic angle on AO
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AO operation is usually only effective in a very narrow FOV.

Lagoon Nebula imaged with PALAO / PHARO

Onen Loop IR bands: 1200nm, 1600nm, and 2200nm Closed Loop

FWHM FVWHM

0 02
. . N
»'MV’V-‘HM ‘ 0 ?3"‘ l'..:d‘!\‘ = 0- 41310.59' 0-45
GS offsat =55 GS offset = 133 13 _
0.59
0.51
Credit R. Dekany, Caltec Palomar AO system 23 )

GS offset = 23.2°

0.68
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Temporal phase fluctuations derive from spatial fluctuations
under the “frozen turbulence” model. Turbulence pattern

moves “untouched” at the average wind speed across the
aperture.

Small cells contribute to the high frequency turbulences and
are eventually averaged during image exposition (t.,,) at the

expense of the resolution (larger star FWHM).

Large cells are related to low frequencies.
Long exposure times increase the apparent isoplanatic angle:

Hexp = 00 ( — ) = Ztexp D>1"0, texp> To
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v~ 10m/s (~ 20mph), h ~ 5km, D = 279mm (11") @550nm
Diffraction limit = 0.4"

Tilt/tip corrections v.s. seeing function of exposure time

Ocxp 0.6” 20” 200" 400” 2000” 4000”
0.01’ 0.3’ 3’ 7’ 33’ 67’
FWHM
tift/tip removed 0.7” 1.5” 2.2” 2.2” 2.3” 2.3”
ro=50mm
FWHM
tilt/tip removed (5 1.0” 1.5” 1.5” 1.5” 1.5”

ro=/5mm
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Some time a short exposure image can be close to the
diffraction limit. The probability P for a rms phase error at,
or below, ~A/6 (one radian) is (Fried 1977):

Lucky imaging and seeing

~ -0.1 557(1'2)2 i Lucky imaging probability versus D_/ro
P=56c¢ 0
r— >3.5, t<<1y, inside isoplanatic patch
0
10_25?? Visible band
Example: . - {refe:rence) 5

D=279mm (11")

ro=50mm @550nm
P =0.04 (~1/25frame) --
ro=84mm @850nm

=

10°

| | | | | 1
4 = 6 i 8 9 10

P> 07 (N 18/25 fra mE) 3 D/ro (visible band)
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Irl Lucky imaging and PSF shape
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Set of 10 short exposure frames (tilt/tip removed):

Probability ~ 80%
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The seeing is wavelength dependent. It is worse at shorter
wavelengths and better at longer wavelengths.

= ro(1) o« A%/5 =212 coherence length (Fried)

= 7o(1) xA%/> =212  coherence time

= 9,(1) x2%/5 =212 jsoplanatic angle (patch)

= (p(1)?) «a733~ 2717 wave front phase variance

= FWHM o« A71/5=2792 Fy|l Width at Half Maximum

= D/ro «a7%5=2"12 DL performance threshold

= P(2) o« A12/5 = 224 Lucky imaging rate of success
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= The Kolmogorov’s model is only valid for L, - o« and [, — 0.

= When the outer scale turbulence (OST) L, is finite the seeing
may exhibit a significant departure from the model.

= When the low level turbulence dominates L, is small, around
10m, possibly down to about 1m.

= The resulting effect is the greatest for the first two (tilt/tip)
Zernike terms.

* The seeing usually exhibits a stronger dependency with A
compared to the standard Kolmogorov’'s model.
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= The Von Karman’s (VK) model explicitly accounts for a finite

The Von Karman’s (VK) model

OST L, value (Theodore Van Karman, 1948).

= Worldwide extensive measurements correlate with VK model.

1.5 T
FWHM extracted
Diffract
F_'_‘ —_ —
E, 2 m
1.0
:Ij-_. ______________________________________________
WHIM
0.0 L L . | L L T 1o oy e
0.1 1.0 10.0
Telescope diameter (m)

Source/credit: On the difference between seei

FWHM ()

ing and image quality: When the turbulence outer sca

Diff
?i
E W
10 & _
Seeing
FWHM
05— -
0o .
0.1 1.0 1 1
Telescop e diameter (m)

le enters the game. ESO "The messager 141", September 2010
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The VK model depends on a hew parameter L, /1,

[2{5] Long exposure FWHM improvement with VK model v.s. Lo/ro Normallzed PSE amplltude

O T
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Seeing Ilmlted PSF @550nm ; D =279mm (11") |

\ os]. KoImogorov:smadel N\ . N T ro=50mm
. _ |q— _0356 i = D/ro =5.6

) B Jl 2. 183(L0/T0) Seemg limited PSF | :

N TEE Kolmogorov 07 @850nm bR b e ]

50l -- Kolmogorov's model
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PRA P : P : i ! Half maximum !
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; ol Seeing limited PSF ; : ; ; ; ;

30| ~| @850nm VK's model ff : E E E : E

| Lo=10m : : : : : :

: : 0.3 W/ A i | S | L s i

20 3N ' ' ' ' ' :

Kolmogorov model i ! i L I__ J_ I __________ I _________ I ___________ I ____________ I

i OB o L PINGE @i L P : Diffraction J{ : Diffraction ; : :
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 Finite OST values improve the guide star PSF (less tilt/tip).
« Longer wavelengths benefice the most.

iy )
NR(') : : Count l
: } ' } ‘ ‘ Star wander histogram:  N=598 samples
: Guide star centroid scattering plot : :
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« The goal of auto-quiding is to correct for tracking errors.

« Those errors are independent of the seeing effect and are
fully correlated across the FOV (unlike seeing).

« Long term errors: PE, King’ rate, flexure, polar alignment,
., require a slow correction rate (10s to minutes).

« Short term errors: Mount mechanics, wind burst,
vibrations, ..., require a fast correction rate (few seconds).

» Short term corrections are more prone to seeing effects.
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« The acceptable tracking error is a function of the seeing.

Auto-guiding and seeing

Rule of thumb. RMS tracking error < 1/4 FWHM,qg;n,

Seeing Excellent Average Bad
0.5” . 20”7 3.0”

atracking
rms error 0.13” 0.25” 0.50” 0.75”

» The rms auto-guiding error o(t;) guidging, DEfOre any
correction, for a given exposure time t, is given by:

2 2
a(tc)guldmg \/G(tc)tracking + a(tc)seeing

(c) Innovations Foresight 2016 - Dr. Gaston Baudat 28
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» Let’s assume that t. has been chosen to cancel the
tracking errors (mount, setup).

* Question: How does the seeing impact auto-guiding errors?

« Answer: It depends whether we are inside or outside the
isoplanatic patch.

 Total error after correction inside the isoplanatic patch:
G(tc)guiding =(1-K) Oseeing 0<K<1

K — 0 seeing limited image: t. > 19
K — 1 ~ diffraction limited image: t. < 1o (tilt/tip correction only)
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Total error after correction outside the isoplanatic patch:

Auto-guiding rates (cont.)

a(tc)guiding = (\/1 + Kz) aseeing 0<K=<1
K — 0 seeing limited image: t. > 1
K - 1 ~1.4 x seeing limited image: t. < 1o

K should be kept as close as possible to zero.

[ t. > t,, guiding at longer wavelengths, better mount J




NIR versus visible auto-guiding
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nhovations Foreslg Mario Motta’s relay telescope 32” (0.8m) @ f/6

M86 images with STL11000 + AO-L

M83 with full spectrum guiding (OAG) M83 with NIR guiding (ONAG)
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> Do not rush auto-guiding, unless you have too (>5~10s).
» Use a long guiding exposure time whenever possible.

» Minimize errors with a good polar alignment.

» Use a model for minimizing the drifts and the guiding rate.
» Consider guiding at longer wavelengths (such as NIR).
> Do not minimize the guiding error at any cost.

» Use small aggressiveness at fast guiding rates.

» Consider using red filters for image detail retrieval.

» Image high above the horizon to minimize seeing.

» Know your local seeing and conditions.

> Watch forecasts (cleardarksky.com) to mange expectations.
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Clear skies!



