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Abstract

Variation in the reflection of circularly polarized light (CP) of a substantial number of beetles, of both the Hybosoridae and
Scarabaeidae families, is discussed. Classifications of the spectral shapes were made for Cetonia aurata aurata beetles, which
were related to variations within the chiral chitin structure and have been computationally modelled. It was seen that single
peaked spectra were not the predominant spectral shape and that more complex structures are responsible for the spectra
observed. Two structural perturbations methods to the single pitched structure are proposed to be responsible for the more
complex spectral shapes. Further CP analysis of the genus rutelinae:Chrysina was undertaken with variations in broadband
reflection observed within the optima species.
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1. Introduction

Circularly polarized (CP) light is relatively uncommon in nature. One of the first described examples was a
golden beetle (Chrysina resplendens), which Michelson described as having a “screw-like structure” [1]. From the
plant world the fruit of the genus Pollia, which is a metalic blue, reflects both left CP (LCP) and right CP (RCP)
light [2]. It has also been observed that LCP light leads to faster growth in pea and lentil plants [3]. From the animal
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world the mantis shrimp (Odontodactylus), is able to visually detect and aso signal with reflections of CP light
[4][5]. Another group which interacts with CP light is Sapphirinidae Copepods, where light passing through their
bodies becomes CP [6]. There are several species of firefly (Photuris lucicrescens and Photuris versicolor) whose
larvae are CP bioluminescent, and emit LCP and RCP light from opposite lanterns [7]. In the non-living world
arrangements such as a water-air interface can produce CP light via total internal reflection [8], as well asin light
emitted by some stars[9].

Since Michelson’s first observation of such a reflection, there has been interest in CP reflections from scarabs
from many difference disciplines [10]. Preliminary work by Pye showed the CP reflection distribution in nine
different subfamilies (Fig. 1) [11]. Fossil records of structural color in beetles stretch back 15-47 million years[12].

The origin of the CP reflection is within the beetle' s shell (epi- exocuticle layers). It is formed of layers of chitin,
which are thread-like molecules, embedded in a protein matrix, all of which have the same orientation. Between
adjacent layers the direction of the molecules in the layer gradually alters. As the layers build up eventually a pitch
(full 360° rotation) in the orientation of the molecules is achieved [13]. The thread-like nature of the molecules
means there is a birefringence in the material, which is enhanced by the presence of uric acid [14]. The pitch ( p ) of

the structure is related to the reflection peak observed at wavelength (1),

A, =N(A)p @

whereN(A) is the average refractive index of chitin [15].

Most previous studies on CP reflection in beetles have focused on few specimens, often single examples of a
species [15,16]. In this study a near-normal CP reflection from a large number of beetles mainly of Cetoniinae and
Rutelinae, but also of the Ceratocanthinae, Scarabaeinae, Trichiinae, Phaenomeridinae, Dynastinae, Melolonthinae
and Euchirinae subfamilies are studied. In this way the variation, or ‘finger-print’, of spectra of severa species and
genus can be quantified. While a number of beetles in each group have been examined, in this report typical
examples of each of the subfamilies are presented, followed by a study of variation amongst 191 Cetonia aurata
aurata beetles, and a study of color variation amongst Chrysina optima.

Order Superfamily Famil Subfamily
Hybosoridae ———— Ceratocanthinae

Scarabaeinae
Coleoptera—— Scarabaeoidae y
Cetoniinae
Trichiinae
) Rutelinae
Scarbaeidae o
Phaenomeridinae
Dynastinae
Melolonthinae
Euchirinae

Fig. 1. Taxonomic map of subfamilies that contain optically active Coleoptera.
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2. Method and Specimens
2.1. Specimens

Specimens from all 9 subfamilies seen in Fig. 1 were investigated. The collection location of each specimen can
be seen on the world map in Fig. 2. The length of the beetles from the bottom of their elytra to the top of their

pronotum varied from 2 mm (Ceratocanthinae:Ceratocanthus sp.) to 52 mm (Euchirinae: Cheirotonus battareli).
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Fig. 2. Collection locations of specimens: 1. Ceratocanthinae:Ceratocanthus sp. 2. Scarabaeinae:Diabroctis mimas. 3. Cetoniinae:Protaetia
angustata pyrodera. 4. Trichiinae:Gnorimus nobilis. 5. Rutelinae: Viridimicus aurescens.6. Phaenomeridinae:Phaenomeris besckei. 7.
Dynastinae:Augoderia nitidula. 8. Melolonthinae:Mel olontha melolontha. 9. Euchirinae: Cheirotonus battareli. Map made from [18].

Specimens of the Rutelinae:Chrysina genus were also investigated which were all collected in Costa Rica. The
specimens varied from 23-30 mm in length. Cetoniinae:Cetonia aurata aurata specimens were also investigated,
which were collected from various sites throughout Romania and Poland. The specimens measured between 14 and
21 mm in length.

2.2. Reflection Spectroscopy Experimental Setup

The measurements were taken using the system shown schematically in Fig. 3. A halogen light source (DH2000-
BAL) (430-1000nm) [19] was coupled into an optical fiber (QP600-2-SR-BX), the beam was then collimated and
polarized to become CP light. The CP light was produced by first passing unpolarised light through a polarizing
cube, which was set to give either +45° linearly polarized light with respect to the axis of the Fresnel rhomb. In the
Fresnel rhomb two internal reflections occur, which produces a n/2 phase shift, converting the linearly polarized
light into CP light [20]. The handedness of the CP light (LCP or RCP) is determined by angle of polarization of the
input linear light.
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Fig. 3. Reflection spectroscopy experimental setup.

The light spot size is ~1mm in diameter and was usually focused on the top of the beetl€’s right elytra. The
reflected beam was then collected with a lens and the CP light was passed through the Fresnel rhomb followed by
the polarizing cube in a similar arrangement to the input stage. The input and collecting arms are at 45° (22.5°
incident angle) to each other to allow space for the optical components. The orientation of the polarizing cubes
could be changed between +45° to analyze LCP and RCP light. The spectrum was measured using an Ocean Optics
HR4000 spectrometer. Further details of the experimental setup can be found in [21]. A reference was obtained
using aflat front-silvered mirror with the reflectance from the beetle calculated as

Signal(beetle) — Background
Reference(mirror) — Background’

Reflectance =

@

where Signal (beetle) is the signal of the light reflected from the beetle and Background is the dark response. In the
study four CP combinations were made;

o LL - LCPlight incident, LCP analyzed, LR - LCP light incident, RCP analyzed,
e RL - RCP light incident, LCP analyzed, RR - RCP light incident, RCP analyzed.
2.3. Moddlling

The modelling was used to compare to the experimental spectra data. The model was implemented as a multilayered
transfer matrix method using the Birefringent Film Toolbox described in [22]. The model had perturbations to the
single pitch structure (which results in a single spectral peak). The perturbations to the spectra were based on 2
structural changes to the model. The first perturbation was several different pitch thicknesses being present,
resulting in severa peaks in the reflection spectra (Fig. 4a) [16] . The second perturbation is a sudden jump in the
orientation angle of the chitin molecul es between adjacent layers (Fig. 4b) [23].

The models do not consider any structures within the beetle responsible for the spectra other than a helicoidal
structure. The first spectrum (Fig. 5(a)) was created using two different pitch values, the second (Fig. 5(b)) was
modelled using the sudden jump in orientation of the molecules. The parameters used in al of the models within this
paper are summarised in the Appendix.
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Fig. 4. Structural perturbations of the helicoidal chitin within the beetle's shell of (a) multiple pitches (side view) (b) sudden jump in the
orientation of the chitin molecules (top view).
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Fig. 5. Experimental and modelling CP reflection spectra compared, for Cetoniinae:Lomaptera (a) geelvinkiana (using birefringent refractive
indices of 1.485+0.01i and 1.52+0.01i, having a thickness of 12.5 pitchesin total) and (b) pygmeae (modelled with a discontinuity in the pitch of
8/15 &, using complex birefringent refractive indices, of 1.46+0.025i and 1.52+0.025i , and a layer 11 pitchesthick in total). Further details of the
model and parameters are given in reference [21].

3. Results
3.1. Reflectance Spectrometry

The results are presented in the context of three separate but related studies; a broad suvey of the families, a
statistical study of the variation across 191 Cetonia aurata aurata and an initial examination of the variation within
and between species of Chrysina.

Reflection spectra were obtained with the four CP combinations and the L CP response modelled as above. In the
following figures the experimental data is presented with the modelled LL response superimposed. Many different
specimens were examined from each of the nine subfamilies shown in Fig. 1. The LL spectral response can be seen
to be the dominating feature in al of the spectral examples in Fig. 6. (The spectra of Fig. 6 are from individual
beetles chosen to be representative of the spectral shapes observed.) The dominant LL reflectance color was in the
green wavel engths (500-560nm), but other wavelengths relating to the colors of red, blue and a broadband gold were
observed. The Ceratocanthus sp. (Fig. 6(a)) showed a main LL peak corresponding to a red wavelength with
oscillating peaks trailing into the near infra-red (NIR). The Diabroctis mimas (Fig. 6(b)) species has a broadband
reflection (550-700nm), which produces a gold color on the front of the beetl€’'s pronotum. The Protaetia angustata
pyrodera (Fig. 6(c)) beetle' s reflection is strong compared to the other specimens, which has two peaks, close together,
which gives the beetle a red/green appearance. The next five beetles (Gnorimus nobilis, Viridimicus aurescens,
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Phaenomeris besckei, Augoderia nitidula and Melolontha melolontha) (Fig. 6(d)-(h)) showed narrowband LL
responses. The Phaenomeris besckei specimen (Fig. 6(f)) had this response was at alower wavelength (460 nm) (blue).
The Meolontha melolontha specimen (Fig. 6(h)) showed the weakest of all the CP responses with LR and RL
responses being stronger than the LL, which was a single pesk in the orange/red region. There is some spectral
variation in shape with the Cheirotonus battareli (Fig. 6(i)) specimen having atail feature at wavelengths higher than
the peak. All the reflection spectra were taken from a fixed position at the top of the right elytra of the beetles, except
the beetles Diabroctis mimas, Augoderia nitidula, Melolontha melolontha and Cheirotonus battardi (Fig. 6(b), (9)-(i)),
where reflection from the pronotum were taken, astheir elytrawere not as significantly optically active.
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Fig. 6. CP reflection spectra with inset LCP (left) and RCP (right) filtered photographs of (a) Ceratocanthinae:Ceratocanthus sp. (b)
Scarabaeinae:Diabroctis mimas (pronotum) (c) Cetoniinae:Protaetia angustata pyrodera. (d) Trichiinae:Gnorimus nobilis. (€)
Rutelinae:Viridimicus aurescens. (f) Phaenomeridinae:Phaenomeris besckei. (g) Dynastinae:Augoderia nitidula  (pronotum). (h)

Melolonthinae:Melolontha melolontha (pronotum). (i) Euchirinae:Cheirotonus battareli (pronotum). Where experimental LL spectra are black,
LR arered, RL are blue, RR are pink and modelled LL spectra are green.

Clear variation in the reflection percentage between beetles can be observed, there re severa reasons for this
including an increase in number or variation in the value of pitches within the beetle. Surface structure can inhibit
the path of light to and from the helicoidal layer. [24]. The larger the curvature of the beetles shells across the
sample area means more light is scattered which is not collected by the detection optics and so the intensity is lower.
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Chemical composition difference such as the addition of uric acid which enhances the hirefringence and in turn
increases the reflection [14] also contributes. The modelsin Fig. 6(d)-(h) were based on a single pitch, Fig. 6(a) and
(i) were based on multiple pitches, Fig. 6(c) was with pitch defects and Fig. 6(b) was modelled with a combination
of both. More in-depth studies were carried out on the Rutelinae and Cetoniinae subfamilies, which contain many
variations in their CP responses. Variations to the single reflection spectral shape can be observed in species of
Cetoniinae:Cetonia aurata aurata (which were distinguished from Protaetia cuprea by their prosternum [25]) beetles
from Poland and Romania (Fig. 7). Previous studies have looked at the CP reflection from C. aurata aurata [26][27]
using ellipsometric techniques from which the LL response can be determined. This current study looked at a much
larger sample set and the experimental arrangement determined the LL response directly. In particular this study
looked at the shapes of the spectra and their relation to the structure. Five spectral classifications were identified by
the authors (although other classifications could be justified). Those chosen are single peaked (S), double close
(DC), triple peaks (T), oscillations after (OA) and oscillations between peaks (X), whilst the remainder were grouped
as unclassified (U). The modelsincluded in Fig. 7 are based on the same perturbation approach. Fig. 7(a) was based
on asingle pitch value, Fig. 7(b)-(d) pitch defects and Fig. 7(e) and (f) multiple pitch values.
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Fig. 7. LL spectral responses of Cetonia aurata aurata specimens with, described as (a) single peak (S), (b) double close (DC), (c) triple (T), (d)

oscillations after (OA), (e) double apart (X) and (f) unclassified (U). The red lines are experimental data and the black are modelled. The inset
photographs are of beetles through a LCP filter.

Thedistributions of LL spectral shapes of 191 Cetonia aurata aurata specimens (Fig. 8), shows that the single peak
structure is not the dominating feature. The most common spectral shape was the OA feature, which occurred in

29.9% of the measured spectra, closely followed by DC (27.2%) and T (19.9%), while the single pesk spectra only
occurred in 13.1%.
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Fig. 8. Distribution of LL spectral shapes of Cetonia aurata aurata specimens.

The genus Rutelinae:Chrysina CP responses were very variable both between and within species (Fig. 9-10). The
genus has a large geographic range from the Southern United States to Columbia. Fig. 9(a), showsthe LL reflection
from three distinct color forms (where silver is the most common color found) of Chrysina optima (it should be
noted that there are more uncommon color forms such as violet [28]). The different color forms relate to the location
of the lower wavelength reflection boundary. Where the red beetle’'s lower reflection boundary is 600nm, the gold
boundary was 500nm and the silver boundary was lower than 450nm. Not only did spectral colors (wavelengths)
change between species, the spectral intensity also varied. Thiswas linked to the variation in thickness of the pitches
within the structure, this was shown in the model (Fig. 9(b)) and based on the thicknesses and structure of the
closely related Chrysina aurigans which has been modelled to include a chirped structure with slight perturbations
to theregular structure [29].
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Fig. 9. Chrysina optima (&) experimental L CP spectral responses (b) modelled spectraresponses, (c) photograph of the silver form through a
LCP filter, (d) photograph of the gold form through a L CP filter and () photograph of the red form through a LCP filter.
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The typical reflection spectrum of a silver Chrysina chrysargyrea (Fig. 10(a)), shows a strong LL response
between 450nm and 900nm, with weak uniform LR and RL responses, and a negligible RR response. This LL
spectrum with a long wavelength cut-off is distinct from the others modelled in this work and consideration of the
structure giving rise to thisis the subject of ongoing work. It should be noted that there are several other rare colour
forms of C chrysargyrea including red and gold [28].
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Fig. 10. Chrysina chrysargyrea silver form (a) CP spectral responses and photographs through (b) a LCP filter and (c) a RCP filter.

4. Discussion and Conclusion

The work presented shows variations within the helicoidal structures, responsible for the selective reflection of
CP light, between and within some of the nine different subfamilies of Scarabaeoidae. Variations in spectral shape
were observed in Cetonia aurata aurata specimens, which showed the single pitch structure is an atypical structure.
The genus Chrysina was investigated and color differences of the broadband reflector Chrysina optima, were aso
observed. A model was developed to describe two possible perturbations of the helicoidal structure which would
give rise to the observed spectra. These were based on a sudden change in the orientation of the chitin molecules,
variation in the pitches and multiple pitches. Modelling comparison to the experimental results were made with
good agreement. It should be noted that the reasons for the different reflection spectra within species is not fully
understood and could be a combination of genetic [30] and environmental factors [31].
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Appendix
Modelling parameters within this paper are described within this appendix.
Figure | Principal indices, 7+ n (Ny, py[nm]), @1,... @1, (N pm[nm])
6(a) 1.51+ 0.006i + 2.6 x 1073 (1,673),1,(1,557),1,(0.5,536),1, (0.5,516),1, (1.5,496),1, (2,476),1, (10,445)
6(b) 1.513 +0.005; +7.5x 1073 | (3.25,207),0.6, (3.25,207),0.75, (3.25,207),0.24, (3.25,207)]
6(c) 1.488 + 0.0325i +2.3x 1073 | (4.0,215),0.5, (4,207)
6(d) 1.493 +0.005i +0.75x 1073 | (6.5,202)
6(e) 1.49 4+ 0.008i + 1.0 x 1073 (6.5,180)
6(f) 1.49 +0.008i +7.5x 1073 (35,306)
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6(q) 1.49 + 0.005i + 100 x 1072 | (7.5,362)
6(h) 149 +0.008i +75x 103 | (35,415)
6(i) 1.50 +.017i + 200X 103 | (0.5,454),1, (0.5,444),1, (0.5,433),1, (0.4,423),1, (0.4,412) 1,

(0.4,402),1, (0.4,392),1, (10,382),1, (0.5,372),1, (0.5,362),1, (0.5,351),1, (0.5
-341),1, (0.5,331),1, (0.5,321),1, (0.5,310),1, (0.5,300)

7(a) 1.489 +.008i +11x 1073 (7.5,395)

7(b) 1.489 +.025i +22x 1073 (6,399),0.48,(5,399)

7(c) 1.506 +.025i +10 x 1073 (4.5,402),0.6,(4.5,402),0.33,(4.5,402)

7(d) 1.500 +.010i +20 x 1073 (3.5,403),0.067, (3.5,403),0.425, (3.5,403),0.425, (3.5,403)
7(e) 1.505 +.010i +15x 1073 (4,372),1,(12,465),1,(3,398),1,(3,465),0,(3.5,465)

7(f) 1.506 +.018i +16.5x 1073 (1.5,440),0,(1.5,406),1,(12,368)

Each mode! structure consists of m stacks,[71 + 6n, (N, p1)s ©1,--. @1, Ny, Pm)] Wherenn + 6n arethe
transverse principal indices, N; isthe number of turns of pitch p;(nm) for the ith stack, and ¢; isthe twist
discontinuity (in units of ) between stacksi and i+ 1.
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