
Instrumentation in Astrophysics (Why?)
• Different Approach:
• Not what was created

• Telescopes
• Satellites
• Instruments 

• But why is it there
• Why instrumentation for astronomy?
• What were the problems and the solutions.

• I hope you enjoy, that is, it is “meaningful” to you.
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Disclaimer:  LinkedIn A. Amorim

• VLT->CAMCAO – IR camera - 1st in Portugal

• VLTI->GRAVITY – IR camera – Data used in the Noble in physics 2020

• ELT-> METIS – Structure and Alignment – PT@ELT/ESO 

• Physics Prof. - PhD in nuclear physics, long experience in exp-HEP
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Why any human effort?
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Meaning Power

Why are we* in the universe? Can we master the universe?

“Grave goods were oddly placed with 
persons who could not have used them 
there and then. They make sense only 
if meant for some later time, for an 
afterlife” ...

African Genesis, S. C. Reynolds, ...

100 k years ago

Avraham Ronen558

  Grave goods  

 In the second facet, grave goods   were sometimes placed in the grave. To accept 

objects as grave goods, these objects must be exceptional either by their con-

text, size or their arrangement in the grave (Vandermeersch,  1976 : 727). Two 

major types of objects were used as grave goods in the oldest burials: ani-

mal   parts and objects of a symbolic signi! cance like ochre  ,   adornments or 

  engraved notations. While the animal parts may represent provision of food, 

the symbolic objects were probably not intended for the physical wellbeing of 

the deceased. 

 Well documented faunal grave goods placed with the earliest burials in the 

core area include a boar’s mandible held in the arm of Skhul 5   ( Figure 27.4 ; 

 Figure 27.5 ; McCown,  1937 : 101). A large bovid skull was placed near the 

feet of Skhul 9   (McCown,  1937 : 103; though a doubtful association) and a 

pair of deer antlers was placed across the chest of the adolescent Qafzeh 11   

( Figure 27.6 ). The antlers were held in the hand of the deceased, augmenting 

the credibility of a deliberate association between the antlers and the deceased 

(Vandermeersch,  1970 ,  2006 ). Somewhat later, a deer mandible was placed on 

the pelvis of the Amud 7   Neandertal infant (Rak  et al. ,  1994 ).              

 It is important to note that the boar’s mandible at Skhul and the antlers in 

Qafzeh were both quali! ed by the excavators, 40 years apart, as belonging 

to ‘very large’ animals (McCown,  1937 : 100; Vandermeersch,  1970 ). These 

offerings were far larger than the equivalent food refuse in those sites. The 

exceptional size led Vandermeersch to suggest that a special hunting  mission 

 Figure 27.4.      Skhul, pre servation 100 000 ye ars a fter b urial.  

Agriculture in the Near East arose in the 
context of broad-based systematic 
human efforts at modifying local 
environments and biotic communities to 
encourage plant and animal resources of 
economic interest...

The Origins of Agriculture in the Near East, 
Melinda A Zedar

10 k years ago



Scientific best knowledge…
An illusion prone, resource consuming plague on the third 
planet of the solar system in the Milkyway, exponentially 
growing during the last centuries, that is causing the ever 
fastest mass extinction on the 4.5 billion years old planet. 

6/30/2023 Antóno Amorim - Mars and Beyond 4

Today, species extinction rates are hundreds or thousands of times faster than the 
“normal” or “background” rates prevailing in the last tens of millions of years

Vertebrates on the brink as indicators of biological annihilation and the sixth mass extinction
Gerardo Ceballos, Paul R. Ehrlich, and Peter H. Raven, PNAS, 2020

• To feed humans (in Millions) :
 25900 M chickens ---   700 M pigs  --- 1000 M cows 

• Wildlife (in Millions) :
 0.4 M elephants Africa -- 0.012 M wolves Europe -- 0.02 M polar bears artic
 0.87 M all whales --- 0.015 M wild bison

https://orcid.org/0000-0001-8753-9292


Why the effort in Astronomy?
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Meaning Power

The meaning in sky observation? Can we gain power with sky obser.?

Mesopotamian Astrology, U. Westenholtz

4 k years ago 0.4 k years ago

Modelação Mecânica e Processos de Fabricação
Simulação de meios contínuos (FEA e CFD)

Desenho, fabrico, CAM e CNC

Introdução e desenvolvimento dos sistemas CAD
Exemplos de instrumentos médicos, astrofísicos e de aerosois
Modelação de peças e montagens com CAD paramétrico
Extras: Peças em contexto, barras e superfícies

Motivação, séc XVI

any persons hold the opinion that the metal industries
are fortuitous and ... not so much skill as labor. ... a miner must
have the greatest skill in his work... a complete knowledge of the
method of making all there are the various systems of assaying
substances and of preparing them for smelting...there is one
method for gold and silver, another for copper, another for
quicksilver, another for iron, another for lead, and even tin and
bismuth are treated differently from lead.
...
follows Astronomy, that he may know the divisions of the heavens
and from them judge the direction of the veins...

De Re Metálica, Agricola, sec. XVI.
António Amorim & João Martins Projeto e Desenho assistido por Computador 11
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Why the first telescope? (1609)

António Amorim – CENTRA School 2023 6

Power

“Galileo was distracted from his motion experiments by rumors of
 a new Dutch curiosity called a spyglass, or eyeglass”
...
immediately grasped the military advantage of the new spyglass, 
...
in exchange for the gift of his telescope the Venetian senate renewed 
Galileo’s contract at the University of Padua for life 

Meaning
the moons of Jupiter for Cosimo I ...who… convinced the Florentine citizenry that it 
was Medici destiny to usurp power from the other prominent families ... Cosimo I 
identified with the planet Jupiter, named for the king of the Roman pantheon
    
   Galileu’s Daughter, Dava Sorbel



More technical (why)

7

To learn more for the physics oriented:

• Electronic Imaging in Astronomy, Detectors 
and Instrumentation, Ian S. McLean, Wiley, 
1997

• Building Scientific Apparatus, John H. Moore, 
Christopher C. Davis and Michael A. Coplan, 
Cambridge University Press, Fourth EDITION, 
2013

• Allen’s Astrophysical Quantities. AIP Press, 
Arthur N. Cox. , 1999



Why the objective in a telescope? 
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Mapping from angle to point.       𝑃𝑙𝑎𝑡𝑒𝑆𝑐𝑎𝑙𝑒 =
1
𝑓
=
𝑑𝜃
𝑑𝑦



Why the ocular in a telescope? 
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Would not be needed if using a detector.



Observations in Astrophysics
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• Astrometry   -  RA, Dec

• Photometry  -  Flux

• Spectroscopy - Spectra

• Variability – f(time)



Detector

Why are lenses bad to see wide spectra? 
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. . . . . . .



Why are they bad for photometry? 
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Detector

active volume of each pixel in detector needs constant cone angles over the field

Telecentric  camera / objective  

f
Not Parallel

Not Parallel



Why is it bad for spectrometry? 
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Detector
Out of focus



Why spherical/parabolic  mirrors? 
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However:
 For a large field of view (angle) the 
aberration of the parabolic is worse.

5 mirrors with aspherical shape:



Why larger collecting area (stat)? 
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• Larger collecting area:
• Faint objects
• H-res angle
• H-res spectra
• H-statistics 

𝑑𝑁!"
𝑑𝜆	𝑑𝐴

= 	𝑁# 10$%.'	)

High resolution 
spectrometry

For background

Telescope Area 

Apparent magnitude (band)

 5 

It is customary to treat sigma as the uncertainty for a particular measurement. Indeed recall that 
approximately 68% of all measurements will lie within one standard deviation of the mean. This fact 
leads us to define the uncertainty of a measurement to be  
 

 δx = σ  (1.8) 
  

There are instances when you might wish to modify (1.8) so that the uncertainty might be 1.2σ or 

maybe even 2σ if, for example, you wanted to increase your confidence level. In other words the 
definition in (1.8) is adopted as it is widely used.  
 
As the number of observations increases the central or true value is given with greater accuracy – this 
means that as N increases we would expect sigma to decrease. In other words if we take many sets of 
measurements then we could calculate the standard deviation of the mean, or the mean of the means. 
Accordingly the error should be reduced and indeed this is exactly what does occur. The standard 
deviation of the mean is defined as 
 

 σ
x
=

σ
x

N
 (1.9) 

 
The standard deviation decreases as one over the square root of the number of observations. This 
means we get better accuracy as the number of observations is increased, however it should be noted 
that to get a factor of ten increase in accuracy the number of observations has to increase 100 fold.  
 

Justification 
 
The Gaussian and Poisson3 distributions can both be understood by looking at the binomial 
distribution as the former are both special cases of the latter. In order to introduce the topic the one 
dimensional “random walk” problem will be analyzed. To make this concrete consider a small object, 
say a feral or cat that can make steps of unity along the x-axis in either the positive or negative 
direction with equal probability. The position of said cat will then be x = ml, where m is the number 
of steps and l is the length of each step, and where m lies between –N and +N.  
 

 
x = ml

−N ≤ m ≤ N
 (1.10) 

 
l is redundant as we stated steps of unity, however we shall leave it in place should we wish to alter 
the length of the steps.  
 
Let n1 equal the number of steps to the right and n2 the number of steps left so n1 + n2 = N. The net 
displacement measured to the right will then be m = n1 – n2. So  
 

 
m = n

1
− n

2
= n

1
− (N − n

1
)

m = 2n
1
− N

 (1.11) 

 
Equation (1.11) shows that if N is odd then so is m and if N is even so is m. Now we assume the 
probability for a step right is equal to that of a step left. If p is the probability right and q is the 
probability left and if these are independent events the probability for a given situation is given as: 

                                                   
3 The Poisson distribution is included and is well suited for other types of situations as will be discussed later. 

𝑑𝑁!"
𝑑𝜆	𝑑Ω	𝑑𝐴

GRAVITY: ...star magnitude mH = 13 and a background efetive magnitude 13.4/arcsec2
...



Why larger diameter (Res.)? 
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Telescope Aperture Angle of first null disk

𝜃(𝑟𝑎𝑑) ≈ 1.22
𝜆
𝐷

𝐹𝑊𝐻𝑀 =
𝜆
𝐷

Small FWHM => Larger D                  FWHM= 1/50  arcsec ,  1 micron  =>  D= 10 m



Why the secondary mirrors? 
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𝑃𝑙𝑎𝑡𝑒𝑆𝑐𝑎𝑙𝑒 =
1
𝑓
=
𝑑𝜃
𝑑𝑦 𝑃𝑖𝑥𝑒𝑙𝑆𝑐𝑎𝑙𝑒 =

𝑑𝑦(𝑝𝑖𝑥𝑒𝑙)
𝑓

High resolution means small PixelScale => large f 
For ESO/VLT:   f = 120 m
Secondary divides in ~ 2.



Detector

Why do you need a camera? 
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𝑃𝑙𝑎𝑡𝑒𝑆𝑐𝑎𝑙𝑒 =
1
𝑓 =

𝑑𝜃
𝑑𝑦 (𝑑𝜃)𝑃𝑖𝑥𝑒𝑙𝑆𝑐𝑎𝑙𝑒 =

𝑑𝑦(𝑝𝑖𝑥𝑒𝑙)
𝑓

Nyquist criteria = 2 pixel in FWHM

too large / too small for the 
detector pixel size:
• Need to reimage to magnify.
• In the Infrared, include cold stop



Why  the need for “miracle” optics? 
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𝐹𝑊𝐻𝑀(𝜃) =
𝜆
𝐷

Diffraction limited

𝐴	𝑒$9	:	; → 𝐴𝑒$9<=
;><?;
# 	

23
4
< 5

67
 focus Interfere constructively

+Δ𝑧

Δ𝑧 < 50	𝑛𝑚

Aberration limited

Strehl ratio > 0.7



Why  the need for infrared instruments? 
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Interstellar dust:
• reddening and interstellar extinction
• throughout the plane of the Milky Way68 J. MAYO GREENBERG AND AIGEN LI 

Figure 12. The observational and theoretical mean diffuse medium extinction curve. The circles are 
the observed average extinction curve from Savage and Mathis (1979). The thick solid line refers 
to our model prediction. Also shown are the individual contributions of the three dust components: 
large core-mantle particles (solid line + the linear part); hump particles (dashed line); and PAHs 
(dotted line). See Greenberg and Li (1996b). 
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THE CORE-MANTLE INTERSTELLAR DUST MODEL 

J. MAYO GREENBERG AND AIGEN LI 

Laboratory Astrophysics, University of Leiden, Postbus 9504, 
2300 RA Leiden, The Netherlands 

Abstract. The silicate core-organic refractory model is used as a basis for de-
scribing the cyclic evolution of interstellar dust between diffuse and molecular 
clouds. Infrared absorption observed in the 3.4 J-Lm region is shown to be very well 
characterized by laboratory analog organics which are first created as residues 
of ultraviolet photoprocessed ices and then subjected to further solar ultraviolet 
radiation in simulation of organic grain mantles processed in diffuse clouds. The 
silicate core-organic refractory mantle elongated particles are shown to provide 
an excellent match to the observed infrared polarization in the 10 and 20 J-Lm re-
gion. Alternative grain models, such as the silicate/graphite model and the porous 
agglomerate model of very small interstellar silicates, amorphous carbon, and 
graphite particles are shown to lead to critical inconsistencies with observations 
as related to linear polarization and abundance. 

1. Introduction 

The properties and evolution of interstellar dust are intimately related to the 
dynamics and evolution of galaxies. Some 25 years ago one of us (JMG) attempted 
to provide a justification of the appearance of dust concentrations in spiral galaxies 
based on the density wave picture (Greenberg 1970). Since then much new has 
been learned about the dust and, in particular, how it evolves and how its growth 
and destruction depend on its local environment. The most basic properties of 
the dust components are their chemical composition and their morphology. These 
depend on the amounts of the elements which have been created during the 
course of the cosmic chemical evolution of the galaxy. The distribution of the 
dust is governed in the broadest sense by the distribution of the clouds in which it 
is suspended. Partial separation of dust from gas can occur locally and also on a 
galactic scale as a result of radiation effects (Greenberg and, Lind 1967; Greenberg 

43 

I.M. Greenberg (ed.), The Cosmic Dust Connection, 43-70. 
© 1996 Kluwer Academic Publishers. 
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Infrared Radiation (transmission) Earth Atmosphere

21

J     1.25
H    1.65
K    2.2
L     3.5
M   4.8
N  10.6
Q  21

Why  the need IR space instruments? 
Spitzer Space Telescope (2003 – 2020) 
Diameter 0.85 
Focal length 10.2 
Wavelength infrared, 3.6–160 μm



How we deal with infrared sensors? 
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• Cooling to enable the detector

• Si Gap=1.14 EV 

• 𝜆@ =
"A
B!
= C.<'	D)

B!(EF)
  

• Hg(1−x)CdxTe   tune the bandgap to 0.3 EV

• Thermal excitation 𝑇)GH =
<%%	I
#!(D))

• Tmax ~ 70 K
• Use liquid Nitrogen ~ 80 K



Why we have infrared sensors? 
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Mid-IR from heat is easily distinguished 
from the ambient far infrared, which peaks 
near 10 mm and is relatively weak in this range.

Also IR penetrates fog and smoke better than visible light.

4 10 l (µm)



How we deal with infrared instruments? 
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• Cooling to avoid to thermal radiation 
• Stop blocks radiation from telescope
• Cooling to Liquid Nitrogen
• Minimizing thermal conductivity
• Maximizing Mechanical Stability
• Allow for thermal dilatation

Hexapod

Warm

Cold

Warm

Cold

Gravity

CAMCAO



How we deal with thermal/mechanics? 
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• Lots of design and simulation
• Some testing 

Induced Stress Thermal



Why  the need for spectrometers? 
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• Composition of object  - emission and absorption
• Doppler shift to measure V(radial)
• ...



Why/how  Radio interferometers?
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Why/how  Infrared interferometers?

Why  X-ray satellites?

Why  survey satellites?
...?

Why  Gamma-ray?



Why fix atmosphere/telescope vibrations? 
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ACTIVE tel. slow deformations ~ minute

Atmosphere = lens of ~  
ADAPTIVE fast ~100 Hz

ADAPTIVE: fix dependent on angle -> Multiconjugate
The ESO multiconjugate adaptive optics demonstrator: using CAMCAO



Why interferometry? ( Fix vibrations!)
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telescopes vibrate 
                   => 
GRAVITY acquisition camera

8 Introduction

SP

delay line

P S S

dO
PD

T1 T2

fM1 fM2

~B

dOPD

Figure 1.8: The beams of science and reference stars are combined coherently. The internal phase
differences between the telescope baseline reference points and the central fringes are measured
by a metrology system.

Narrow-angle phase-referencing astrometry works by observing two objects (reference P, sci-
ence S) simultaneously within the same telescope field of view. Observations of the reference and
the science objects made by two telescopes are combined in a reference and a science beam com-
biners respectively. The differential optical path difference dOPD caused due to the separation of
the stars in the sky (cf. Figure 1.8)

~DS =~S�~P

is proportional to the separation of fringes observed between the two beam combiners as given
below

dOPD = ~DS ·~B+dOPDatm +dOPDmet +dOPDdisp +dOPDobj, (1.4)

where ~B is baseline vector, i.e., separation between the two telescopes, dOPDatm is the atmospheric
turbulence contribution to the optical path difference, dOPDmet = fM1 �fM2 is the optical path
difference due to internal vibrations and other effects from the telescope to the beam combiner
facility, including the delay lines, dOPDdisp is the optical path difference error caused due to
wavelength dispersion (cf. Section 2.2.3) and dOPDobj is the caused by the intrinsic object shape
(for a point source dOPDobj = 0).

The differential astrometry equation (Eq. 1.4) becomes

dOPD = ~DS ·~B,

Phase difference measurement
        ~ equivalent ~
Telescope of Diameter = Baseline (B)

Beam characterization and guiding for
optical/infrared interferometry

Narsireddy Anugu

Supervisor: Prof. Paulo Garcia

Co-Supervisor: Prof. António Amorim

Programa Doutoral em Engenharia Física

August, 2016

16 The GRAVITY instrument and its subsystems

and Figure 2.4) and may suffer pupil vignetting. An astrometric error arises if: a) the metrology
beam is not exactly pointing towards the astrophysical source (in the presence of tip-tilt error);
b) the limit points of the imaging baseline do not coincide with the narrow angle baseline limit
points. The mismatch between the imaging baseline limit-points and the metrology limit-points is
the pupil position error.

telescope pupil plane

Fiber

tilted star
original star

Da

Fiber pupil plane

DLx

Figure 2.2: A simple description of the field tip-tilts and pupil shifts. The star shown in dashed
line is tilted (Da) from the original star (solid line). The telescope pupil is shifted laterally (DLx)
with respect to the pupil position of the fiber. Due to the field and the pupil shift errors unwanted
astrometric errors are experienced. Another effect with the field error is the loss of flux injection
of the star’s light into the fiber.

The astrometric error associated with the field (Da), the lateral pupil (DLx) and longitudinal
pupil (pupil defocus, (DLz)) errors can be computed as (cf. Figure 2.2, Lacour et al., 2014)

s =
DaDLx +[1� cos(Da)]Lz

B
. (2.5)

The typical lateral pupil error is around ⇠ 5% of the pupil (⇠ 0.4 m for an 8 m pupil), which
is much larger than the 40 mm required to achieve the 10 µas astrometry. The typical maximum
longitudinal pupil error is around 30 km at the UT. Whereas the requirement is 10 km for the
10 µas astrometry (see Table 2.1). Measuring the absolute baseline distance with this accuracy
is a non-trivial task with the current technology. Fortunately, it is not necessary to measure the
absolute baseline distance between two telescopes but its stabilization would be sufficient as we
are interested only in the differential astrometry. The baseline stabilization can be achieved with an
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absolute baseline distance between two telescopes but its stabilization would be sufficient as we
are interested only in the differential astrometry. The baseline stabilization can be achieved with an
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Figure 4.15 presents the results. The RMS statistical errors corresponding to an integration
time of 0.7 s are 1 mas, for a mH = 13mag star. The absolute and the RMS errors as a function of
input field error are within the GRAVITY specifications (2 mas RMS error requirement for 13mag
star). The increment of the RMS error with increasing magnitude is due to the low SNR of the
object. The results show that the tip-tilt correction specifications can be achieved even for very
short exposures of 0.7s suggesting that the method can work even with much fainter stars.

4.6.2 Pupil tracking
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Figure 4.16: Left: a typical pupil tracker image with zero pupil shifts. Middle left: pupil tracker
image with lateral shift along X-axis. Middle right: pupil tracker image with lateral shift along
Y -axis. Right: pupil tracker image with longitudinally shift. The red-crosses and white-rings are
the reference R j and the barycenter B j positions respectively.

Pupil tracking accuracy studies are carried out as a function of known input lateral and lon-
gitudinal pupil shifts. For this, a series of known input pupil shifts (lateral and longitudinal) are
applied to the pupil tracker and associated images are generated. The pupil lateral and the longitu-
dinal shifts are applied to the input beams as tip-tilt and defocus error before the incoming beams
fall on the 2⇥2 lenslet. The reconstruction of the input pupil shifts from the pupil tracker images
is carried out with the methods described in Section 4.4.2.

Figure 4.16 presents a variety of pupil tracker images obtained at different imaging conditions.
The mismatch between the barycenter positions (average of four pupil beacons imaged by each
sub-aperture, denoted with white circles) and the reference spot positions (red crosses) graphically
demonstrates the lateral pupil shifts and the longitudinal pupil shifts.

Figure 4.17 presents the results. The absolute (6 mm at the UT, 50 mm at 80 mm of lateral
and longitudinal) and the RMS (4 mm at the UT, 30 mm at the 80 mm of lateral and longitudinal)
measurement errors are within the GRAVITY specifications (requirement: 40 mm of the lateral
pupil RMS measurement error; 1 m of the longitudinal pupil RMS measurement error for the 80 m
beam). The increment of the absolute and the RMS errors with increasing the longitudinal pupil
shift (pupil defocus) is due to the defocus of the pupil tracker spots. The Gaussian fits applied on
these defocused spots are giving large fitting errors.



i.e. the difference value between the dynamic and the static 
transmission error of the given gear pair and t  represents 
real time in seconds. ( )x t  can be written as 

The gear mesh stiffness and damping value are denoted by 
ke  and ce  respectively. These stiffness and damping 
elements were applied at gear mesh in the direction of the 
gear mesh line of action. In addition, it was reported earlier 
that the predictions of single gear pairs models with 
constant damping agree well with experimental data[10,11]. 
Therefore, linear time-invariant viscous damping values 
are considered here. ( ( ))f x t  represents gear backlash 
function. mF is the average value of transmission load by 
the gear pair. ( )aTF t  and ( )ahF t  are external and internal 
excitation loads of the system respectively, which can be 
expressed as 

where eT  and eh are the excitation frequency of external 
and internal excitation loads respectively. 

T and 
h  are 

phase angle of the external and internal excitation loads 
respectively. Substituting Eq.(4) and Eq.(5) into Eq.(l), the 
dynamic equation of motion of the gear system is obtained. 

Gear Mesh Stiffness And Dimensionless 
It is assumed in Fig.l that the contact ratio of the gear pair is 
more than 1 and less than 2. The gear mesh stiffness not 
only would be abrupt change while single gear tooth mesh 
and double gear tooth mesh alternate during gear 
transmission but also has different value at different gear 
tooth mesh position and change periodically except the 
above-mentioned catastrophe. Therefore the gear mesh 
stiffness is time-varying and can be developed as high 
order Fourier series. Here the first five order Fourier series 
is introduced. 

Substituting Eq.(7) into Eq.(6), dimensionless equation of 
motion can be obtained by defining  

where
nt t  is a dimensionless time. The 

dimensionless equation of motion of the gear pair after 
normalizing is 

Tooth Backlash Function 
The tooth backlash of the system is assumed as symmetry 
shape shown in Fig.2. Gear backlash non-linearity is 
modeled as piecewise linear type clearance functions 

( ( ))f x t  of amounts 2b, and can be defined as 

After normalizing, Eq.(9) is written as 

. In order to using high order polynomial function fitting 
the tooth backlash function Eq.(10), 120 dots are selected 
uniformly at the function on interval [-3,3] The series order 
polynomial fitting curves are shown in Fig 3. As it is well 
known that the higher order of the polynomial the higher 
fitting precision. However the more complicated to obtain 
the dynamic behaviors of the system through analytical 
method like multiple scale. In essence it finds from Fig3 
that 3-order fitting polynomial can express the gear 
backlash clearance function ( ( ))f x t well enough. 
Therefore 3-order fitting polynomial is taken as an 
example to do the following analysis in this study. The 
fitting polynomial can be written as 

Substituting Eq.(11) into Eq.(8), the equation of motion of 
the system can be obtained. 
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METIS – WSS support structure

ESO- ELT
Infrared -> METIS
METIS support structure 

Natural vibration at 11Hz 
but
Avoid non-linear oscillator: backlash
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