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ABSTRACT

We present PRIME (PSF Reconstruction and Identification for Multi-sources characterization Enhancement) as
a novel hybrid concept to improve the PSF estimation based on Adaptive optics (AO) control loop data. PRIME
uses both focal and pupil plane data to jointly estimate the model parameters, which are both the atmospheric
(C2

n(h), seeing), system (e.g. optical gains, residual low-order errors). The parametric model in use is flexible
enough to be scaled with field location and wavelength, making it a proper choice for optimized on-axis and
off-axis data-reduction across the spectrum. We review the methodology and on-sky validations on NIRC2 at
Keck II. We also present applications of PSF model parameters retrieval using PRIME: (i) calibrate the PSF
model for observations void of stars on the acquired images, i.e. optimize the PSF reconstruction process (ii)
update the AO error breakdown mutually constrained by the telemetry and the images in order to speculate on
the origin of the missing error terms and evaluate their magnitude (iii) measure photometry and astrometry in
stellar fields.
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1. INTRODUCTION

PSF reconstruction (PSF-R) is a well established technique1–7 to estimate the PSF from Adaptive optics (AO)
control loop data, but lacks regular operational use so far. One of the major drawbacks of PSF-R lies in the
large amount of data and technical time it requires to reach a sufficient understanding of the overall system,
such as obtaining static aberrations for instance. In other words, using the AO telemetry and the necessary
matrices calibrated on laboratory (such as the interaction matrix, DM influence function for instance) is not
sufficient. Experience at Keck4,6, 8 has shown that one must eventually adjust some parameters (like optical
gains) to ensure a correct matching of the reconstructed PSF on sky data. Enabling a forward reconstruction
that remains accurate is still feasible by sacrificing a large amount of telescope time, which is not necessarily
desirable.

In this proceedings, we propose an alternative approach, so-called PRIME, to provide an accurate PSF model
without requiring more telescope time than what required for the science observation. We start from the notice
that PSF-R has already provided successfully results, signifying that the image formation model is correct. The
real limitation is to be able to capture some parameters (seeing, C2

n(h), optical gains for instance) that may vary
across time. One may try to understand how the AO system should behave with respect to observing conditions
by using end-to-end simulations. Nevertheless, the deviation of the system behavior from what expected from the
simulation may be the reason that explains that it still remains to make a PSF-R algorithm working accurately,
reliably and sustainably.

With PRIME, we want to simplify this process. First, we need to identify key parameters that are either
difficult to estimate and highly variable from an observation to another. Then, we build a model from the AO
control loop data and end up defining a parametric function to describe the PSF for a given set of pupil-plane
measurements. The final step will estimate the parameters by best-fitting available PSFs in the field. This
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technique will ensure that we obtain the most accurate PSF as possible using the PSF-R framework, but has the
drawback of demanding the presence of stars in the field, which suits particularly to stellar fields observations.
Moreover, PSF-R permits to extrapolate the PSF across field and spectrum. With PRIME, we aim at calibrating
the PSF model and provide the observers with a grid of PSF at any desired position and wavelength. Thanks
to this known diversity, PRIME can deal with cube of spectral data to perform a joint estimation of model
parameters by using observations acquired at different wavelengths or field positions.

In this proceedings, we summarize the principle of PRIME and results obtained so far9 and review the
multiple possible applications.

2. CONCEPT

The first key step is to build the PSF model by using the AO control loop data. In the specific case of Keck II,
the methodology is given in4,6, 9, 10 and we end up with the following expression of the residual Optical Transfer
Function (OTF)

h̃(ρ/λ) = h̃stat(ρ/λ,az) exp

(
−0.5

(
ghoDho(ρ) + gttDtt(ρ) + r

−5/3
0 (Dfit(ρ) +Dal(ρ)) +

nL∑
l=1

C2
n(hl)Dan(ρ, hl)

))
,

(1)
where

• h̃stat(ρ/λ,az) is the telescope OTF including diffraction effect and calibrated static aberrations. We also
incorporate az as a list of Zernike coefficients to update the calibrated static aberration map with additional
focus and astigmatism modes.

• Dho(ρ) is the tip-tilt (TT)-excluded AO residual phase Structure function (SF) derived from the Wavefront
Sensor (WFS) measurements. Coefficient gho allows to mitigate variations of the optical gains during the
observation.

• Dtt(ρ) is the residual jitter SF that comes from the TT measurements and can be tuned thanks to gtt.

• Dfit(ρ) and Dal(ρ) are respectively the fitting and aliasing SF resulting from the uncorrected high- spatial
frequencies. Both of them are scaled to r0 = 1.

• Dan(ρ, hl) is the anisoplanatism SF given for a specific layer at height hl and normalized to C2
n(hl) = 1.

One may estimate the full C2
n(h) profile and use the integral of it to obtain r0 for off-axis applications.

The herein PSF model is therefore parametrized over nz + nL + 2 variables, with nz the number of Zernike
modes to be retrieved (usually nz = 3) and nL the number of altitude bins used to discretized the atmospheric
profile (usually nL = 7), which lead to a 6 (on-axis) up to 12 (off-axis) parameters PSF model. We define
µ = [az, gho, gtt, C

2
n(h)] as the unknowns vector. Then, assuming we are providing by an image d containing n?

stars, PRIME minimizes the following criterion

ε(µ) =

∣∣∣∣∣
∣∣∣∣∣
n?∑
i=1

pi × δxi ∗ h(µ) + η − d

∣∣∣∣∣
∣∣∣∣∣
2

L2

, (2)

where pi and xi are the photometry and astrometry (relatively to the image center) of the ith source, h the
µ-dependent PSF model and η a constant value to adjust the background level. Eventually, PRIME delivers
the optimal reconstructed PSF as well as the by-products estimates, such as photometry, astrometry and PSF
model parameters.
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3. VALIDATION ON NIRC2 AT KECK II

In the following, we present PRIME results applied to
the near infra-red imager NIRC2 at Keck II in nar-
row field mode with 9.94 mas/pixel sampling. We have
processed 158 images collected simultaneously with the
AO telemetry over three nights, in either NGS (Au-
gust 1st 2013, March 14th 2017 and March 15th 2017,
80 images)11 or LGS (March 14th 2017, 78 images)12

mode. We have systematically retrieved the seeing, opti-
cal gains, focus and astigmatism terms by using PRIME.
In LGS mode, the observations were taken with the NGS
on-axis, which creates only focal anisoplanatism. This
latter was not strong enough to identify a full C2

n pro-
file but does impact the SR and has been used in parallel
with the PSF halo to constrain the seeing value. The sky
image was cropped to 168 pixels to limit the noise prop-
agation through the fitting process, which corresponds
to 4 times the AO correction band.
Over 238 NGS/LGS data, PRIME achieves an estima-
tion of the Strehl-ratio and FWHM at respectively 0.7%
and 2 mas-level error. The PSF shape is well retrieved as
well with overall 2D residual ranging from 0.5% (NGS)
to 2% (LGS), advocating that the parameters identifica-
tion is the key process to make PSF-R working.

Figure 1: Illustration of NGS PSFs (row 1:3) and LGS PSF
(row 4). Left: sky image middle: reconstruction right:
residual

Figure 2: Reconstructed Strehl ratio and PSF FWHM versus image measurements obtained over 238 NIRC2 data sets.

This demonstrates that i) PSF-R is a good framework to obtain an accurate representation of the PSF from
the AO telemetry ii) the main issue that has limited PSF-R efficiency so far lies in the determination of few
parameters. Efforts should now focus on elaborating techniques to capture what should be these parameters
from the AO contextual data to enable forward PSF-R.
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4. POTENTIAL APPLICATIONS

4.1 PSF-R calibration

Figure 3: Photometric error as function of the seeing.

By applying PRIME over a substantial amount of
archive data, one may infer the PSF model pa-
rameters from the AO telemetry directly. In other
words, this aim at calibrating the forward PSF-
R to make it accurate, without requesting addi-
tional engineering calibration time. To test this
approach, we have split the 238 data sets into 198
learning sets + 40 test sets in order to extrapolate
model parameters with respect to seeing estimation
from the AO telemetry.
We report in Fig. 3 the photometric accuracy with
respect to the seeing. Results highlight that the
PSF-R calibration corrects for the bias on esti-
mates and increases the precision by 50 % com-
pared to the uncalibrated PSF-R. If point sources
are available in the field to optimize the PSF-R
using PRIME, we can expect a photometric ac-
curacy at the level of 0.008 mag± 0.004 mag, that
degrades to 0.06 mag ± 0.004 mag and 0.3 mag ±
0.008 mag by using respectively the calibrated and
uncalibrated PSF-R.

Present results illustrates that PRIME can be deployed to calibrate the PSF-R computation in case the PSF
best-fitting is compromised and ensures that PSF-R can deliver 6 % of photometry accuracy. Such results will
be improved by increasing the size of the learning data set and choosing other descriptors than the AO telemetry
seeing, such as the full residual wavefront and the telescope configuration.

4.2 Image-assisted error breakdown

PSF-R is a generalization of the AO wavefront error budget: we
do calculate covariance matrices of errors instead of variance terms
only. From the phase SFs that appear in the PSF model described
in Eq. 1, one may derive the wavefront error budget. With PRIME,
we basically scale these phase SFs regarding how they do impact the
PSF morphology, in the sense that the absolute value of wavefront
error terms are eventually updated through the best-fitting process.
The use of the focal-plane image adds a constrain to force the Strehl-
ratio (SR) to match the image SR. Preliminary tests on Keck II have
shown meaningful results, that complies with theoretical formulas,
and highlighted that low-order modes (focus, astigmatism) can be
retrieved from the PSF in LGS operation.

Table 1: Examples of retrieved AO error
breakdown on Keck II.

LGS NGS
K-band Strehl 19.8% 41.8%

Wavefront error 430 316
Low order modes 161 38

Atmospheric Fitting 141 150
Temporal error 149 141

Measurements error 161 85
WFS aliasing 58 66

Anisoplanatism 162 0
Tip-tilt bandwidth 237 118

Tip-tilt noise 42 46

4.3 Astrometry and photometry measurements

We illustrate in Fig. 4 the photometry and astrometry precision with respect to the artificial object magnitude.
This plot shows two distinct regimes below and beyond magnitude 14 mag that respectively correspond to PSF-
model and noise limitation regimes. For stars with mH > 14 mag, the noise propagation through the fitting
process dominates the estimation precision, while for stars with mH ≤ 14 mag for a given object magnitude,
we improve the precision by a factor 2 and 1.5 on respectively the photometry and astrometry; or in other
words, we get the same precision for objects one to two magnitudes fainter. Also, because PRIME does estimate
PSF parameters in addition to photometry and astrometry, we were expecting more sensitivity to noise and see
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Figure 4: Precision on the 2MASS00535794+2535445 binary stellar parameters wrt the magnitude for various PSF
models.

the metrics precision getting worse faster than the uncalibrated PSF-R model, which does not occur. Finally,
we understand that the present implementation of PRIME is efficient when feeding it with image of stars of
magnitude mH ≤ 14 mag stars with 50 s of exposure time, which is accessible in the Galactic center13 and makes
it feasible to deploy PRIME on such a science case.

5. CONCLUSION

We have introduced PRIME as an extension to the PSF-R framework that couples AO telemetry and focal plane
images to provide i) estimations of atmospheric and system parameters such as the C2

n(h) profile, system optical
gains or even non-sensed low-order modes, ii) an accurate error breakdown and thereupon PSF model across field
locations and wavelengths and iii) photometry and astrometry estimates on fields with multiple sources where a
non-linear least-squares PSF fitting routine is employed. In addition, statistical analysis with PRIME provides
useful information and trends of parameters variations with respect to observing conditions thus being valuable
to optimize runtime AO performance and to calibrate a-priori parameters for later PSF reconstruction.

We have deployed PRIME on Keck II on-sky PSF in engineering mode when guiding either on a NGS or a
LGS on-axis. We have demonstrated that only few parameters must be estimated carefully (seeing, optical gains
plus additional focus and astigmatism terms) to reach 0.8 % ± 0.5 % of accuracy on SR, 2.8 mas ± 0.9 mas on
FWHM and 0.008 mag ± 0.004 mag on photometry. Over a sub-sample of data, we have calibrated the PSF-R
model accordingly to the AO telemetry-based seeing that have been used to calculate the PSF from the direct
model. We have shown that this calibration permits to decrease the photometry error from 0.3 mag ± 0.008 mag
down to 0.06 mag ± 0.004 mag. We have also illustrated on NIRC2 binary images that PRIME is sufficiently
robust to noise to retain photometry and astrometry precision below 0.005 mag and 100µas on a mH = 14 mag
object, whereas a loss is to expect when using Moffat models or pre-calibrated PSF parameters. This is indicative
of the usefulness of estimating PSFs based on the actual observations (images and telemetry) to avoid errors to
creep in and degrade seek-after observable.

Future step will lay in pushing the verification further by collecting more data and applied PRIME to others
AO instruments, such as tomography-based systems.
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