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Starting to put it together
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Parameters

• Treat like a measurement—a value with some distribution 

• Because the underlying is Gaussian does not mean the 
parameter is Gaussian, but can often propagate answer
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Multiple parameters



Non-equal variance

σ2
1 ; σ2

2



Covariance
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Aside on Fisher information matrix

• Dark Energy Task Force technical appendix is 
a good resource 

•  

•  is the second derivative of the log 

likelihood at peak  

• Conceptually is the Gaussian width ( ) of 
the  

• Assumes Gaussian statistics(!) 

• Easy to marginalize over nuisance 
parameters by converting to , dropping 
rows/columns, inverting back

C = F−1
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Planck Collaboration: Cosmological parameters
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Fig. 6. Comparison of the base ⇤CDM model parameter constraints from Planck temperature and polarization data.

even assuming high escape fractions for ionizing photons, im-
plying additional sources of photoionizing radiation from still
fainter objects. Evidently, it would be useful to have an indepen-
dent CMB measurement of ⌧.

The ⌧ measurement from CMB polarization is di�cult be-
cause it is a small signal, confined to low multipoles, requiring
accurate control of instrumental systematics and polarized fore-
ground emission. As discussed by Komatsu et al. (2009), uncer-
tainties in modelling polarized foreground emission are compa-
rable to the statistical error in the WMAP ⌧ measurement. In
particular, at the time of the WMAP9 analysis there was very
little information available on polarized dust emission. This sit-
uation has been partially rectified by the 353-GHz polariza-

tion maps from Planck (Planck Collaboration Int. XXII 2015;
Planck Collaboration Int. XXX 2016). In PPL13, we used pre-
liminary 353-GHz Planck polarization maps to clean the WMAP
Ka, Q, and V maps for polarized dust emission, using WMAP
K-band as a template for polarized synchrotron emission. This
lowered ⌧ by about 1� to ⌧ = 0.075 ± 0.013, compared to
⌧ = 0.089 ± 0.013 using the WMAP dust model.13 However,
given the preliminary nature of the Planck polarization analysis
we decided for the Planck 2013 papers to use the WMAP polar-
ization likelihood, as produced by the WMAP team.

13Neither of these error estimates reflect the true uncertainty in fore-
ground removal.
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Planck



Complicated interactions lead to curved multi-
parameter plots (can’t be described with  or  )C F

Planck Collaboration: Cosmological parameters

5.5.2. Weak gravitational lensing

Weak gravitational lensing o↵ers a potentially powerful tech-
nique for measuring the amplitude of the matter fluctuation spec-
trum at low redshifts. Currently, the largest weak lensing data
set is provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2013). The first science results from this survey ap-
peared shortly before the completion of PCP13 and it was not
possible to do much more than o↵er a cursory comparison with
the Planck 2013 results. As reported in PCP13, at face value
the results from CFHTLenS appeared to be in tension with the
Planck 2013 base ⇤CDM cosmology at about the 2–3� level.
Since neither the CFHTLenS results nor the 2015 Planck results
have changed significantly from those in PCP13, it is worth dis-
cussing this discrepancy in more detail in this paper.

Weak lensing data can be analysed in various ways. For ex-
ample, one can compute two correlation functions from the ellip-
ticities of pairs of images separated by angle ✓,which are related
to the convergence power spectrum P(`) of the survey at multi-
pole ` via

⇠±(✓) =
1

2⇡

Z
d``P(`)J±(`✓), (35)

where the Bessel functions in (35) are J+ ⌘ J0 and J� ⌘ J4
(see, e.g., Bartelmann & Schneider 2001). Much of the informa-
tion from the CFHTLenS survey correlation function analyses
comes from wavenumbers at which the matter power spectrum
is strongly nonlinear, complicating any direct comparison with
Planck.

This can be circumventing by performing a 3D spherical har-
monic analysis of the shear field, allowing one to impose lower
limits on the wavenumbers that contribute to a weak lensing like-
lihood. This has been done by Kitching et al. (2014). Including
only wavenumbers with k  1.5 hMpc�1, Kitching et al. (2014)
find constraints in the �8–⌦m plane that are consistent with the
results from Planck. However, by excluding modes with higher
wavenumbers, the lensing constraints are weakened. When they
increase the wavenumber cut-o↵ to k = 5 hMpc�1 some tension
with Planck begins to emerge (which these authors argue may
be an indication of the e↵ects of baryonic feedback in suppress-
ing the matter power spectrum at small scales). The large-scale
properties of CFHTLenS therefore seem broadly consistent with
Planck and it is only as CFHTLenS probes higher wavenumbers,
particular in the 2D and tomographic correlation function anal-
yses (Heymans et al. 2013; Kilbinger et al. 2013; Fu et al. 2014;
MacCrann et al. 2015), that apparently strong discrepancies with
Planck appear.

The situation is summarized in Fig. 18. The sample points
show parameter values in the �8–⌦m plane for the ⇤CDM base
model, computed from the Heymans et al. (2013, hereafter H13)
tomographic measurements of ⇠±. These data consist of correla-
tion function measurements in six photometric redshift bins ex-
tending over the redshift range 0.2–1.3. We use the blue galaxy
sample, since H13 find that this sample shows no evidence for
intrinsic galaxy alignments (simplifying the comparison with
theory) and we apply the “conservative” cuts of H13, intended
to reduce sensitivity to the nonlinear part of the power spec-
trum; these cuts eliminate measurements with ✓ < 30 for any
redshift combination that involves the lowest two redshift bins.
Here we have used the halofit prescription of Takahashi et al.
(2012) to model the nonlinear power spectrum, but do not in-
clude any model of baryon feedback or intrinsic alignments.
For the lensing-only constraint we also impose additional pri-
ors in a similar way to the CMB lensing analysis described
in Planck Collaboration XV (2016), i.e., Gaussian priors⌦bh2 =
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Fig. 18. Samples in the �8–⌦m plane from the H13 CFHTLenS
data (with angular cuts as discussed in the text), coloured by the
value of the Hubble parameter, compared to the joint constraints
when the lensing data are combined with BAO (blue), and BAO
with the CMB acoustic scale parameter fixed to ✓MC = 1.0408
(green). For comparison, the Planck TT+lowP constraint con-
tours are shown in black. The grey bands show the constraint
from Planck CMB lensing. We impose a weak prior on the pri-
moridal amplitude, 2 < ln(1010As) < 4, which has some impact
on the distribution of CFHTLenS-only samples.

0.0223 ± 0.0009 and ns = 0.96 ± 0.02, where the exact val-
ues (chosen to span reasonable ranges given CMB data) have
little impact on the results. The sample range shown also re-
stricts the Hubble parameter to 0.2 < h < 1; note that when
comparing with constraint contours, the location of the contours
can change significantly depending on the H0 prior range as-
sumed. We also use a weak prior on the primoridal amplitude,
2 < ln(1010As) < 4, which shows up the strong correlation be-
tween ⌦m–�8–H0 in the region of parameter space relevant for
comparison with Planck. In Fig. 18 we only show lensing con-
tours after the samples have been projected into the space al-
lowed by the BAO data (blue contours), or also additionally re-
stricting to the reduced space where ✓MC is fixed to the Planck
value, which is accurately measured. The black contours show
the constraints from Planck TT+lowP.

The lensing samples just overlap with Planck, and superfi-
cially one might conclude that the two data sets are consistent.
However, the weak lensing constraints approximately define a
1D degeneracy in the 3D⌦m–�8–H0 space, so consistency of the
Hubble parameter at each point in the projected space must also
be considered (see appendix E1 of Planck Collaboration XV
2016). Comparing the contours in Fig. 18 (the regions where
the weak lensing constraints are consistent with BAO obser-
vations) the CFHTLenS data favour a lower value of �8 than
the Planck data (and much of the area of the blue contours
also has higher ⌦m). However, even with the conservative an-
gular cuts applied by H13, the weak lensing constraints de-
pend on the nonlinear model of the power spectrum and on the
possible influence of baryonic feedback in reshaping the mat-
ter power spectrum at small spatial scales (Harnois-Déraps et al.
2015; MacCrann et al. 2015). The importance of these e↵ects
can be reduced by imposing even more conservative angular
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Take home message

• Multiple parameters can depend on each other in 
complicated ways 

• Don’t assume they are independent of one another 

• Can be due to Theory, your model, instrument, nature, or 
interactions



Variable backgrounds



Is your background constant?

• The performance of an instrument—and thus the 
background pdf()—is almost never constant. 

• This tells you about the physics of your experiment.



Changing background

σ = 2.0 σ = 1.7



Two levels of exploration

1. Scavenger hunt, looking for the unexpected 

2. Jackknife tests to hunt for very subtle effects (specific 
worries)



Scavenger hunt, step 1)

• Explore your data 

• Try and find gross variations 

• Best done with plots



Scavenger hunt, step 2)

• Make a list of worries 

• For each worry, come up with a plot and/or jackknife that 
highlights effect 

• Keep track of both confirmed and unconfirmed worries!



Case study:  
Vera Rubin Telescope (LSST) camera



Case study with LSST

Worry:  is the sensitivity constant across the CCD? 2017 JINST 12 C05015

1.2 Origin of tree ring patterns

The manufacturing process of growing a single crystal silicon boule leads to a circularly symmetric
variation of dopant concentration inside the silicon, which results in the tree-ring-like patterns
visible in images taken at a uniform illumination [1–4]. Variation of the dopant concentration
causes a parasitic electric field in the direction orthogonal to the drift of photoelectrons, hence
the shape of sources could be distorted based on their location on the sensor. Figure 1 shows a
small area (400 ⇥ 400 pixels) of the sensor ITL-3800C-107 in the outer part of the wafer where
the tree rings are easily visible. ITL sensors are described in detail in another contribution to this
workshop [5].

(a) (b)

Figure 1. Small area, 400 ⇥ 400 pixels, of the sensor ITL-3800C-107 to illustrate the tree rings in two
di�erent representations.

Figure 2. Layout of the silicon wafer. Because the wafer is cut into four sensors, tree rings on each sensor
will have four possilble orientations.
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WTF?
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Is it related to color? 2017 JINST 12 C05015

3 Results

During the electro-optical tests at BNL, the flat (uniformly illuminated) monochromatic images are
taken from 320 nm to 1100 nm with 10 nm steps. The images at 770 nm were selected to measure
the amplitude of tree rings for 15 ITL sensors. Flats for the sensor ITL-3800C-017 at 320, 400,
540, 770, 850, 900, 970, and 1080 nm were used for the analysis of the wavelength dependence.
Flat images with di�erent wavelengthes are shown in figure 5. Structures in the 320 nm image
are explained by much shorter penetration of UV light into the sensor, which then becomes more
sensitive to the surface unevenness. Fringes in IR originate from the varying thickness of the silicon
wafer. In the shorter wavelength region, before fringes start to dominate, the tree rings are visible,
caused by variation in the wafer resistivity as discussed before. Fringe pattern starts to dominate
over tree rings around 880 nm and shows maximum impact around 970 nm.

Figure 5. Uniformly illuminated images for the sensor ITL-3800C-017 taken at di�erent wavelengths: 320,
400, 540, 770, 850, 900, 970, and 1080 nm (from top-left to bottom-right).

3.1 Radius dependence

The tree rings become apparent around a radius of 2500 pixels, then their amplitude gets larger as
it approaches the outer part of the wafer typically increasing from 0.1 to 1.0% as can be seen in
figure 6. This suggests that the resistivity variation is larger for larger radii.

3.2 Wavelength dependence

Relative flux variation as a function of the tree ring radius from 4800 to 5300 pixels for the sensor
ITL-3800C-017 for the wavelength of 320, 400, 540, 770, 850 and 970 nm is shown in figure 7.
For the images taken at di�erent wavelengths, the tree ring pattern does not change considerably
until approximately 880 nm, where the fringe e�ect starts to dominate. The tree rings shows
some dependence on the wavelength, with amplitude changing from 0.27% at 400 nm to 0.20%
at 850 nm. The amplitude gets smaller as wavelength gets larger because photons with longer

– 5 –

Not really…



How was it made?



Boule sliced to form wafers







4 CCDs per wafer

2017 JINST 12 C05015
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Brainstorming…
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The silicon wafer is cut into four sensors hence there are four types of tree ring orientation
depending on its position on the wafer. The gap between two neighbouring sensors is 4 mm, see
figure 2. The geometry is well known and the dicing process is very precise, with only a few micron
uncertainty, so the tree rings from sensors on the same wafer should have a common center. This
was used in the following analysis to calculate the center of the rings more accurately. A comparison
of tree rings that come from di�erent sensors originating from the same wafer will be discussed in
section 3.3.

Figure 3 shows examples of flat images with tree rings from four sensor types discussed above.
ITL-3800C-022 (die2, (b)) and ITL-3800C-017 (die4, (d)) originate from the same wafer.

(a) (b)

(c) (d)

Figure 3. Examples of flat images recorded for sensors ITL-3800C-021 (a), ITL-3800C-022 (b), ITL-
3800C-032 (c) and ITL-3800C-017 (d). Red dots are the points on radius of 4400 pixels.Sensors in (b) and
(d) originate from the same wafer.
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Looking in more detail

2017 JINST 12 C05015

Figure 6. Relative flux variation as function of tree ring radius for the sensor ITL-3800C-017.

wavelength convert deeper in the silicon, so the respective photoelectrons have less distance to drift
and are less a�ected by the parasitic electric fields induced by the tree rings.

As was demonstrated in figure 5, the shorter wavelengths are more sensitive to the nonuni-
formity of the surface. Nonuniformity of the surface a�ects the 320 nm line in figure 7 causing
this line to not follow the behavior of other lines. The same argument is valid for the 970 nm line
where the image is dominated by the fringe patterns. If averaging the flux along the ring was not
applied to the data shown in figure 6, the lines at 320 nm and 970 nm would be dominated by surface

Figure 7. Relative flux variation as function of the tree ring radius from 4800 to 5300 pixels for the sensor
ITL-3800C-017 for the wavelength of 320 nm (orange), 400 nm (green), 540 nm (cyan), 770 nm (blue),
850 nm (magenta), 970 nm (dashed red).
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2017 JINST 12 C05015
(a)

(b)

(c)

Figure 8. Comparison of the tree rings for sensor pairs originating from the same wafer. Relative flux
variation as function of the tree ring radius in the range from 4500 to 5300 pixels for (a) ITL-3800C-017
(die4, red) and 022 (die2, blue), (b) 145 (die2, red) and 107 (die3, blue), and 097 (die4, red) and 091 (die2,
blue).
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The silicon wafer is cut into four sensors hence there are four types of tree ring orientation
depending on its position on the wafer. The gap between two neighbouring sensors is 4 mm, see
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Properties of tree rings in LSST sensors
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E-mail: hyeyun.park@stonybrook.edu

A�������: Images of uniformly illuminated sensors for the Large Synoptic Survey Telescope have
circular periodic patterns with an appearance similar to tree rings. These patterns are caused
by circularly symmetric variations of the dopant concentration in the monocrystal silicon boule
induced by the manufacturing process. Non-uniform charge density results in the parasitic electric
field inside the silicon sensor, which may distort shapes of astronomical sources. In this study we
analyzed data from fifteen LSST sensors produced by ITL to determine the main parameters of
the tree rings: amplitude and period, and also variability across the sensors tested at Brookhaven
National Laboratory. Tree ring pattern has a weak dependence on the wavelength. However the
ring amplitude gets smaller as wavelength gets longer, since longer wavelengths penetrate deeper
into the silicon. Tree ring amplitude gets larger as it gets closer to the outer part of the wafer, from
0.1 to 1.0%, indicating that the resistivity variation is larger for larger radii.

K�������: Detectors for UV, visible and IR photons; Photon detectors for UV, visible and IR
photons (solid-state) (PIN diodes, APDs, Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs etc);
Systematic e�ects
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where B (in digital number, DN) is the ADC (analog to
digital converter) offset level, G is the gain (in e

�/DN) and R

(in e
�) is the read noise of the image sensor. For our image

sensor, the measured read noise is R = 5.67 e
� and the gain

is G = 3.153 e
�
/DN. As the fitting results are not sensitive

to the small changes in these terms, we used the average
gain and the average read noise of the image sensor for the
stable system. The routine requires an initial set of sensitivity
parameters (all set to 1.0) which is then modified until a good
fit is achieved.

V. RESULTS

When the optical spot is completely inside the POI, the
latter contains ⇠ 2⇥ 104 photoelectrons whereas neighboring
pixels have only 102 to 103. At such high flux levels, the
Poisson distribution of the observed POI image data tends to
be Gaussian. We therefore choose all spot positions inside the
POI so that the choice of a �

2 goodness-of-fit function (4) is
justified. As shown in Fig. 7, we used 9⇥9 scan points inside
the POI. As described in section II, the response of the POI

Fig. 7. Geometry of the selected scan region for IPS map extraction. Each
square represents one pixel. The red dots (9⇥9) represent the scanning region
selected inside the POI for IPSV extraction.

for 9⇥ 9 scan positions is called the pixel response image as
a function of scan positions, presented in Fig. 8. For the sake
of clarity, Fig. 8 does not represent a 9⇥ 9 pixel area of the
sensor, but shows the responses of one single pixel, aggregated
in a 2D raster.

To find the optimum number of sub-pixels to get an IPS map
that is not overfitted nor underfitted, we used the Bayesian in-
formation criterion (BIC) and the Akaike information criterion
(AIC). Both BIC and AIC address the problem of overfitting
and underfitting by introducing a penalty term for the number
of (sensitivity Sij) parameters in the model [17]:

AIC = N ln(�2
/N) + 2p

BIC = N ln(�2
/N) + p lnN

where N is the number of data points (measured POI values
for all scan positions), and p is the number of variable parame-
ters. We determined the optimal model and the corresponding
BIC and AIC values for different choices for the number of
r⇥ r sub-pixels per pixel, and show the result in Fig. 9. From

Fig. 8. The response of a single pixel (the POI) for each of the (x, y) positions
of the 9⇥ 9 optical spots, aggregated into a 2D raster. These measurements
were fitted to our model (3). The color scale represents the pixel signal value
in digital number (DN).

Fig. 9. Optimal number of sub-pixel using the BIC and AIC over the POI
image dataset for all scan positions.

this figure we deduce that for our dataset the optimal number
of sub-pixel at which the BIC and the AIC curves attain a
minimum is 7⇥7. The reason why this number is smaller than
the 9 ⇥ 9 spot positions is that the spots partly overlap. The
information of the different POI response values is therefore
not independent. Conclusively, we choose 7 ⇥ 7 sub-pixels
for our fitting to extract the IPS map. Our best-fitting model
yields predicted pixel response values that are comparable to
the measured ones, as shown in Fig. 10.

The optimal sensitivity parameters Sij of our best model
gives the most likely IPS map, and is presented in Fig. 11. The
IPS map of the POI is plotted again as a surface plot in Fig.
12(a) and an interpolated IPS map is presented in Fig. 12(b),
which provides a smoother transition of the sensitivity over
the pixel area. Clearly visible are the dips in the sensitivity
at the edge of the pixel, especially at three adjacent edges.
This is likely because the CMOS pixel does not have a 100%
fill-factor. The pixel grid includes the readout circuits at the
edges and more or less symmetric around the sensitive area
which reduces the sensitivity of the sub-pixels near the edges.
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Spurious shear induced by the tree rings of the
LSST CCDs

Yuki Okuraab, Andrés A. Plazascd , Morgan Mayc, Toru Tamagawaa
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2-1 Hirosawa, Wako, Saitama 351-0198, Japan
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Department of Physics, Brookhaven National Laboratory, Bldg. 510, Upton, NY, 11792, USA
cBrookhaven National Laboratory,
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California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA, 91109, USA
E-mail: yuki.okura@riken.jp

ABSTRACT: We present an analysis of the impact of the tree rings seen in the candidate sensors
of the Large Synoptic Survey Telescope (LSST) on galaxy-shape measurements. The tree rings
are a consequence of transverse electric fields caused by circularly symmetric impurity gradients
in the silicon of the sensors. They effectively modify the pixel area and shift the photogenerated
charge around, displacing the observed photon positions. The displacement distribution generates
distortions that cause spurious shears correlated with the tree-rings patterns, potentially biasing
cosmic shear measurements. In this paper we quantify the amplitude of the spurious shear caused
by the tree rings on the LSST candidate sensors, and calculate its 2-point correlation function. We
find that 2-point correlation function of the spurious shear on an area equivalent to the LSST field
of view is order of about 10−13, providing a negligible contribution to the 2-point correlation of
the cosmic shear signal. Additional work is underway, and the final results and analysis will be
published elsewhere (Okura et al. (2015), in prep.)
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Review

• Using successive plots to isolate an issue 

• Each plot asks an improved question 

• 2 classes of plot 

• Exploratory 

• Jackknife 

• Usually based off of ‘worries’


