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Leaky mode resonances of the setae of Cataglyphis bombycina are found to enhance the thermal emission of the animals by near field coupling to the chitinous exoskeleton. This is remarkable, as the setae are also an adaption to enhance the reflectivity in the visible wavelength range. Both effects are dependent on morphology, dimensions and spatial arrangement. These parameters were experimentally characterized and simulated by finite difference time domain simulations to elucidate the optical impact of the setae in the mid infrared range and the contribution of leaky mode resonances. This mode of action and the setae’s optical properties in the visible range explain evolutionary strains that led to the actual morphology and size of the setae.
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1 INTRODUCTION
Cataglyphis bombycina is a highly heat-tolerant ant species living in desert areas with extreme insolation. Since they forage during the hottest hours of the day, they have to sustain temperatures that are close to their critical thermal limit [1]. For survival, this species has evolved several traits, including long legs, heat shock proteins, visual orientation, and a dense coverage with hair-like setae [1–3]. These setae have been shown to have amazing optical properties, helping the ant to deal with a wide spectrum of electromagnetic waves from sunlight. Nano-ribs on their upper surface in combination with a central canal efficiently scatter ultraviolet (UV) light [4]. The setae have cross sections in the shape of an isosceles right triangle with a hypothenuse of (3.4 ± 0.4) μm [4]. Because of this cross-sectional shape, they reflect visible light by total internal reflection [5, 6] and scatter light in the visible range by higher order Mie-resonances [4, 6]. In the mid infrared (MIR) the setae are suggested to form an antireflection layer, which enhances the radiative cooling of their body [6]. However, the size of the setae in that wavelength range is large enough to cause scattering due to low-order Mie-resonances [4]. Since the setae have an elongated shape, these resonances resemble resonances in optical wires. In optical wires these resonances are eigenmodes, that can be perfectly linked with Mie-resonances in dielectric structures [7]. These eigenmodes are also named leaky mode resonances (LMRs), since their electric field decays in the surrounding of the structure. Leaky modes determine optical properties of dielectric structures including absorption, scattering and emission. These properties can be engineered by changing, e.g., morphological details as well as substrate and superstrate [7]. In the natural system represented by the ant’s integument, the distances between the setae and the cuticle are small compared to the wavelength of the thermal radiation. In this case, near field effects may play a role for radiative cooling [8, 9]. Reid et al. showed that the radiative heat transfer between patterned and between un-patterned slabs increases by orders of magnitude if they are brought in close proximity, where [image: image] [9]. For this thermal radiation region, Shi et al. suggested that the reflectivity of the ant body is reduced by a refractive index gradient of an effective medium layer formed by the setae, which enhances the emissivity according to Kirchhoff’s law, and thus enhances the radiative cooling of the ant body [6]. Since the setae, however, are spatially arranged with a defined distance from the underlying cuticle, the question can be raised whether effective medium theory is sufficient to explain the effects observed by [6]. Therefore, we experimentally characterized the arrangement of the setae and directly simulated the hemispherical emission of the system as a whole with finite difference time domain simulations (FDTD).
2 MATERIALS AND METHODS
2.1 Measurements of the distances between setae and cuticle
The spatial arrangement of the setae of the ants was investigated on cross-sectional samples of the cuticle. For this, small parts of the abdominal tergites were dissected and fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in H2O (pH 7.8). After washing the cuticle pieces 3 times in bi-distilled water (10 min) they were post-fixed for 60 min in an aqueous solution of 1% OsO4 and 0.8% K4 [Fe(CN)6]. Subsequently, the samples were washed a second time in bi-distilled water and dehydrated in a series of isopropanol solutions. After a final washing step in 100% acetone (4 min), the cuticle pieces were embedded in EPON-resin. Cross-sectional block faces of the resin embedded cuticle were polished using a Leica RM 2155 Ultramicrotome and a diamond knife (Diatome, Switzerland). The polished cross sections were analyzed using a confocal laser scanning microscope (Olympus LEXT OLS3100) with a MPLAPON ×10 plan apochromat objective lens.
2.2 Estimating emission via FDTD reflectance simulations of the setae-covered cuticle
The emissivity can be investigated via simulations of the reflection R. Since the absorption A and the emission E are correlated via Kirchhoff’s Law, the following holds for an opaque body:
[image: image]
The reflection of the ant’s setae-cuticle system at an angle of incidence of 90° was simulated with a classical 2D-FDTD approach using Meep [10] to investigate the influence of the setae in the MIR. The simulations were carried out with both TE and TM polarization. TE represents the case where the electric field is transversal to the long axis of the setae, while TM represents the case where the magnetic field is transversal to the long axis of the setae. The simulations were reduced to two dimensions with the assumption that the dimension of the setae’s cross section is much smaller compared to its length. Therefore, the results represent the case of infinitely long setae.
Three scenarios were compared by simulating a plane wave pulse incident perpendicular to the cuticle surface to obtain the reflection. As first reference, the pulse was simulated in empty space for normalization purposes. As second reference, the pulse was directed towards a plain cuticle surface without setae. The reflection of the cuticle was calculated by the ratio of the results of these two simulations. The third scenario includes a layer of setae on top of the cuticle to simulate the reflection of the entire setae-cuticle system. Comparing these results with the plain cuticle can be used to investigate the influence of the setae on the reflection.
To investigate the influence of the gap between setae and cuticle as accurately as possible, randomized setups with 40 setae at five different mean distances dmean to the cuticle were created (0 μm, 0.38 µm, 0.63 µm, 1.0 µm, and 2.5 µm). The simulation results of 32 arrangements for each mean distance were averaged. The simulation parameters are summarized after the next section.
2.3 Simulation of the angle resolved emission of the setae covered cuticle
The emissive properties were additionally investigated by directly simulating the black body radiation of the ant with FDTD following the approach in [11]. The thermal radiation was simulated as a random noise [image: image] in the polarization (Eq. 2) for dispersive materials [11].
[image: image]
In Meep, the random noise in the polarization is realized via a noisy Lorentzian susceptibility. Therefore, the complex material dispersion must be considered. For this, the absorption of chitin was experimentally determined and fitted with a Lorentzian dispersion function (see Supplementary Material). The results are summarized in Table 1 together with additional noise amplitudes simulating the respective emission temperature. These have been weighted by the Planck radiation of a black body at 53°C. The electrical fields are created by the random material polarization. Therefore, no other electro-magnetic source was specified in these simulations.
TABLE 1 | Parameters of the fitted material dispersion of chitin used in the simulations.
[image: Table 1]The electric field [image: image] of the thermal radiation emitted by the ant was then monitored in space and time above the setae-cuticle system. To obtain the dependence on wavevector and frequency of the electric field according to [12], it was transformed by a 2-D Fourier-transformation:
[image: image]
Where the integration boundaries are defined by the unit cell size p and the simulation time [image: image]. From the electric field in Eq. 3, the intensity of the thermal radiation can be calculated in dependence of the wavelength and the angle of emittance [image: image] using the relations (Eqs 4–6) following [12]:
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The unit cell must be large enough to prevent a time correlation between the left and the right boundary of the simulation cell. A schematic of the computation cell and the utilized geometry is given in Figure 1. The simulation size was chosen to cover at least 40 randomly distributed setae (the randomization is summarized in the next section) on top of the cuticle, so the unit cell is large enough to employ periodic boundaries and make use of the equations above. The random thermal noise prevents a time correlation between corresponding points in neighboring unit cells. The incoherent thermal sources are thus advantageous for simulating the angle dependent emission.
[image: Figure 1]FIGURE 1 | Sketch of the computation cell for the simulation of the angle resolved emission in Meep, with grey shaded copys of itself on the left and right to illustrate the periodic boundary conditions.
For the correct emission, a Lorentzian susceptibility is necessary. The absorption of chitin was fitted with the same Lorentz-oscillator model used for the reflection simulations. The thermal noise amplitudes of each Lorentz oscillator in [image: image] have been weighted by the Planck distribution of states (Eq. 7) at a given temperature T to assign the correct temperature to the ant model [13]:
[image: image]
Where the most relevant temperature is the maximum temperature, the ant can survive T = 326,15 K = 53°C [3]. An average of 800 simulations with just the plain cuticle were used as reference. Since these simulations are based on thermal noise, longer simulation times are employed and up to 430 different runs with randomized setae arrangements were averaged. The emission enhancement caused by the setae is calculated by dividing the emission with setae by the reference without setae.
2.3.1 Simulation parameters
The size of the computation cell was 16 μm × 60 µm bordered above and below by two perfect matching layers (PML) of 20 µm thickness. In Y-direction, periodic boundaries were employed. The cuticle has a thickness of 30 µm and the setae are represented as right-angled triangles with a hypotenuse of 3.5 µm length and a ribbed surface.
The randomization of the setae positions was realized by multiplication of the ordered coordinates with normal distributed random factors ϕx and ϕy, one for the X and one for the Y coordinate of the setae positions. The X coordinate determines the distance between adjacent setae and is always randomized. The Y coordinate determines the distance of each seta to the cuticle. Its randomization depends on the mean size of the gap dmean multiplied with ϕy. The dimensions of the triangular setae cross sections were adapted from experimental measurements [4]. The complex refractive index of the seta material was experimentally determined [4] and fitted with a complex absorption function including 8 Lorentz resonance frequencies (see Supplementary Material).
One unit in Meep was defined to represent 10 µm. For the reflection simulations a broadband planewave pulse and a resolution of 128 was used. For the emission simulations, only the noisy material dispersion was used as source. The computation cell and the number of simulations was increased; therefore, the resolution was reduced to 32. This is still reasonable, since the maximum frequency of an emitting body at 53°C is lower than the maximum frequency of the pulse used for the reflectance simulations.
The imaginary part of the refractive index was fitted with a sum of 8 Lorentzian susceptibilities: 
[image: image]
Where [image: image], which corresponds to a refractive index of n = 1.56, the refractive index of chitin [14]. The variables for the Lorentzian susceptibilities in Eq. 8 are given in Table 1.
3 RESULTS
3.1 Distribution of the setae on top of the cuticle
The distances between the cuticle and 42 setae distributed over 250 µm were measured on confocal laser scan images using the software ImageJ [15]. An exemplary section is shown in Figure 2. The section shows the layered structure of the cuticle with the triangular setae distributed above in embedding resin. The cuticle and the embedding resin material are separated by a black area above the cuticle, which is a gap that opened up during microtome sectioning of the samples. Since the delamination of the embedding material and the cuticle happened after sectioning of the sample, the distances between individual setae were measured from the center of the hypothenuse to the cuticle surface and the delamination width was not included in the resulting distances.
[image: Figure 2]FIGURE 2 | Confocal laser-scanning microscopic image of the embedded cross sectioned cuticle of Cataglyphis bombycina with setae.
The measured distances are summarized in the histogram in Figure 3. Since the distance represents a positive random variable, it can be represented with a log-normal distribution (black curve). The according mean value is dmean = (0.68 ± 0.72) µm.
[image: Figure 3]FIGURE 3 | Histogram of the measured distances between 42 setae and the cuticle surface. The histogram has three classes per micrometer. The according lognormal distribution is plotted in black and results in a mean value of dmean = (0.68 ± 0.72) µm.
3.2 FDTD reflection simulations using Kirchhoff’s law for emission
First insights of the influence of the setae on the emissive properties of the ant are gathered by the reflection simulations under perpendicular incidence. In Figures 4A, C the simulated reflection is plotted in the range from 0–7,000 cm−1, in (A) for TM polarization (electric field parallel to the setae’s long axis) and in (C) for TE polarization (electric field perpendicular to the setae’s long axis). The data is averaged from simulations of 32 randomized setae arrangements for each mean gap to the cuticle.
[image: Figure 4]FIGURE 4 | (A,C) Simulated reflectance of a cuticle covered with setae [polarization: (A) TM; (C) TE], with different mean gaps between setae and cuticle. (B,D) The according emission enhancement [polarization: (B) TM; (D) TE]. In all graphs for comparison: simulated chitin reference without setae (blue dashed curve), wavenumber of the maximum of the Planck radiation at 53°C (black dash-dot vertical line).
The trends of both polarizations are comparable. They mostly differ in magnitude. The reflectance for TM polarization is generally higher than for TE. At 0 cm−1, the reflection is independent of the gap around 5% reflectance, which is the same reflectance as without presence of setae. With increasing wavenumbers all graphs undergo a minimum which is shifted to smaller wavenumbers the larger the gap between setae and cuticle becomes. At larger wavenumbers the reflection beyond this minimum increases the larger the gap between setae and cuticle is, and the absorption becomes more pronounced, e.g., around 1,600–1,700 cm−1. Towards even larger wavenumbers, Fabry-Perot-like fringes form when a gap larger than 0 µm is present. The transition from low reflectance to the fringes, where all graphs with gaps coincide, takes place at larger wavenumbers the smaller the gap is. Interestingly, when using the formula to determine a film thickness from Fabry-Perot fringes: [image: image], the result is a thickness d ∼ 1.75 µm, which corresponds to the height of the setae in the simulation. The parameters in the formula are: m, the number of fringes between two selected minima/maxima, with their frequencies ν1, ν2 and the refractive index n under the angle of incidence θ.
With Eq. 1 the emission can be calculated from the reflection, by assuming that E = A via the reciprocity of light and Kirchhoff’s law. In Figures 4B, D the respective emission curves are plotted. The emission is normalized to the emission of the plain cuticle without setae. This results in an emission enhancement due to the coverage with setae. The minimum in the reflection is now a maximum depending on the gap size. The strongest enhancement can be found for the gap of 0.63 µm (orange) in the range between 0 and 1,500 cm−1 in both polarizations. Interestingly, both polarizations have similar enhancement values in this range.
For the first three resonances found in Figures 4A, B (at wavenumbers of [image: image] 670 cm−1, 2,900 cm−1, and 4,500 cm−1), the corresponding scattering fields of one seta are illustrated in Figure 5 for TM polarization. The resonances are indicated with TMml similarly to [16], where m is the azimuthal mode number on the circumference of the seta and l is the number of field maxima within the seta. The scattering fields are shown for five different gap sizes between the cuticle and the seta for each wavenumber. The scattered electric fields were calculated by subtracting the electric field of the reflection of a plain cuticle without setae. Periodic boundaries apply for this illustration, so it represents an array of perfectly arranged neighboring setae. Therefore, the leaky mode resonances of the single setae are influenced by their neighbors and the cuticle below. Nevertheless, the leaky mode resonances can still be easily recognized such as also demonstrated in other literature examples [16–18].
[image: Figure 5]FIGURE 5 | Field distribution of the LMRs of the setae. Plotted is the scattering electric field of single setae on top of a cuticle with periodic boundaries in x-direction for TM-polarized light: [image: image] parallel to the long axes of the setae (z-direction). The electric field of the reflection of the cuticle is subtracted ([image: image]). (A) TM01 at 670 cm−1 (B) TM11 at 2,900 cm−1 (C) TM21 at 4,500 cm−1. Gap sizes (from left to right): 0, 0.38, 0.63, 1.0, and 2.5 µm for each LMR.
3.3 FDTD simulations of the thermal emission of the ant
The simulations with a plane wave only represent the case for perpendicular incidence. Since the thermal emission occurs in all directions, the hemispherical emissivity of the ant has to be considered. This would require multiple simulations for many angles and wavelengths with the conventional FDTD simulation of the reflectivity. Therefore, a different and more direct approach was used to simulate the angle-resolved emission of the ant. Figure 6 shows three simulations of the angle resolved emission with mean gaps of 0 μm, 0.63 µm, and 1.56 µm. The data is integrated over the frequency and normalized by reference simulations of a plain cuticle. Therefore, the results can be interpreted as an emission enhancement by the setae. Each graph is the average of 430 randomized setae arrangements and 800 reference runs were done. The according standard deviation is shown as confidence interval by the shaded areas around the graphs. As additional information the angle integrated values of the enhancement are listed in the legend entries, these can be seen as the amplification of the hemispherical emissivity of the ant through the presence of setae.
[image: Figure 6]FIGURE 6 | Simulation of the angle dependent emission enhancement for three different mean gaps between setae and cuticle. Data was integrated over the simulated wavelength range (0–4,000 cm−1) and averaged over 430 randomized setae arrangements each. The graphs are normalized by the reference of a plain chitin surface that was averaged over 800 runs to reduce the confidence interval. The emission enhancement over all angles is given in percent within the legend.
The emission enhancement with a gap of zero is meant to compare the natural setup of the ant with a typical anti-reflection coating. The emission enhancement of the surface coating at a gap size of 0 µm amounts to around 3% over the full angle range with little fluctuation and a slight trend to increase towards large angles. At a gap size of 0.63 µm, the emission of the ant increases over the whole angle of emission. Towards large exit angles, the enhancement is strongly elevated. Increasing the gap to 1.56 µm reduces the emission for small angles close to normal incidence compared to the previous two cases. The increase of the emission at large exit angles starts at slightly lower angle values and is even more pronounced than in the other simulations. Integrating the angle-resolved emission enhancement values results in an overall increase of the ant’s emission of 3.2% if there is no gap between setae and cuticle, whereas the emission increases to 5.6% for a gap of 0.63 µm. Increasing distances between setae and cuticle further lowers the overall emission enhancement to 3.3%.
To verify the dependence of emission enhancement from setae-cuticle distance, further simulations were performed in a broader range of gap sizes up to 2.5 µm. To reduce computational efforts, only 72 randomized arrangements were simulated per gap size. This increases the confidence interval of these simulations, but the data is reproducible, and the trend of the emission enhancement is continuous. The integrated data with the according confidence intervals is plotted in Figure 7A together with the data used for Figure 6 (smaller confidence intervals). The emission enhancement reaches a maximum of about 5.6% at a mean gap size of 0.63 µm. At smaller gap sizes, the emission enhancement drops to a value of around 3% at 0 µm gap size. Gap sizes over 0.63 µm reduce emission enhancement continuously down to a value close to 0% at 2.5 µm. In a second set of simulations, the dependence of the emission enhancement on the gap size was investigated for different setae dimensions.
[image: Figure 7]FIGURE 7 | Hemispherical emission enhancement in dependence of the average gap size between setae and cuticle. Simulated with various randomized setae arrangements (numerically integrated over emission angle and wavenumber) for (A): setae with the natural size of Cataglyphis bombycina with confidence intervals and (B): setae of different sizes.
The results are shown in Figure 7B. Each data point is an average of 72 randomized setae arrangements with the according mean gap. The confidence intervals are around ± 6% for all shown data points. For clarity reasons, they are not displayed as error bars. The data of the setae with natural dimensions (scaling factor 1.0; Figure 7A) is included in the same color (orange; Figure 7B). The emission enhancement of the system with smaller sized setae (scaling factor 0.5; blue dashed) has a maximum which is shifted to larger gaps compared to the original setae. For systems with larger setae (scaling factors 1.5, 2.0 and 3.0) this maximum is shifted to smaller gaps ultimately ending up at 0 µm and the classical behavior of an anti-reflection coating for scaling factors larger than 2. Comparison of the curves at a mean gap of 1 µm shows that the enhancement is highest for the original sized system. In the gap size range from 0.5 µm to 1 μm, only the largest of the simulated setae (scaling factor 3.0) shows a better enhancement.
4 DISCUSSION
Since the setae of C. bombycina have a very anisotropic aspect ratio, it is still a challenge to simulate them with reasonable computational efforts. Therefore, the setae-cuticle system was assumed to extend infinitely along the setae’s long axis. The simulations can then be reduced to a 2D computation cell. Therefore, the emission can only be investigated along angles perpendicular to the setae’s long axes. In this study, hemispherical is thus defined only via the angle [image: image], as visualized in Figure 1. The emission was realized with a noisy material dispersion corresponding to the black body radiation at 53°C. This corresponds to a wavenumber range of [0–2,000 cm−1]. Thus, the simulations consider the maximum body temperature the ants can tolerate (T = 326.15 K = 53°C) during their foraging periods in the natural habitat of this species [3].
The angle resolved emission was simulated for three different systems with increasing gap sizes between setae and cuticle (Figure 6). To demonstrate the effect of the setae on the emission, the three curves are normalized to a cuticle without setae (emission enhancement = 1). In the first simulated case the setae are directly attached to the cuticle without any gap (black dashed, gap = 0 µm). This already leads to an average increase in emission of about 3%. At small angles the emission enhancement is constant and only increases slightly at large angles. This mode of action corresponds to a classical anti-reflection surface [19]. In the second case the emission was simulated with a mean gap of 0.63 µm between setae and cuticle (orange solid) which corresponds closely to the geometry present in the ants with a mean distance of (0.68 ± 0.72) µm [determined by experimental measurements (Figures 2, 3)]. At small angles, the emission enhancement is almost like in the case without a gap, but at large angles it strongly increases. This results in an average emission enhancement of about 6%, which is almost twice as much as if there was no gap between setae and cuticle. If the gap is enlarged to more than double the size of the natural setup (blue dotted, gap = 1.56 µm), the overall average emission enhancement decreases to about 3%. This is a similar value as in the first case, but the curves show different trajectories in similar angle ranges. At small angles, the emission enhancement is lower and at larger angles [sin(θ) > 0.7] it is much higher and rises with an even larger slope than in case two. The enhanced emission at large angles in case two and three can be explained by much better outcoupling of evanescent waves than in case one.
The lower emission enhancement at small angles in case three shows that when the distance between setae and the cuticle would be too large, the setae would become a hindrance for the thermal radiation. This is also supported by the reflectance simulations under perpendicular incident light (Figures 4A, C).
The reflectance of the setup without a gap between setae and cuticle (dark blue; gap = 0 µm) is lower than that of the plain cuticle (dashed blue) over the full displayed wavenumber range for both polarizations. Thus, the zero-gap case shows the typical behavior of an anti-reflection coating [19]. The situation is different if a gap between cuticle and the setae is present. In those cases, resonances occur, especially at large wavenumbers (e.g., between 4,000–7,000 cm−1). These resonances increase the reflectance of TM as well as TE polarized light (Figures 4A, C). In the spectral range below 2,000 cm−1 however, the presence of setae results in a lower reflectance compared to a plain cuticle. Depending on the gap size between setae and cuticle, there is a spectral region where the reflectance is lower than if the setae were attached to the cuticle without gap. The larger the gap size, the narrower the respective region with low reflectivity. Additionally, the minimum in the reflectance is also shifted to lower wavenumbers. The larger the gap, the stronger is the influence of the absorption bands of chitin. They originate from the material dispersion included in the simulation, which is summarized in Table 1. The strongest ones occur between 1,500 and 2,000 cm−1.
An opaque body with a higher reflectance has by Eq. 1 a lower absorption. By the reciprocity of light, a lower absorption also leads to lower emission. Thus, a higher reflectance would cause a lower emission for the ant. Therefore, all gaps between setae and cuticle reduce the emission enhancement in the spectral range between 4,000–7,000 cm−1 (Figure 4B). In this range, all curves of the simulations with a gap show a higher reflectance and similar resonances. This indicates that these resonances are independent of gap size and the randomized spatial arrangement of the setae. Therefore, it is safe to assume that the resonances originate solely from the setae and correspond to their leaky modes (LMR) or Mie-resonances. Interestingly, deriving a Fabry-Perot thickness from the periodicity of these resonances leads to a value d ∼ 1.75 µm, which corresponds very well to the height of the setae [4]. The presence of similar resonances was confirmed before with experimental FTIR transmission measurements of single setae [4]. Since the Planck radiation of a black body at 53°C is almost zero in the wavenumber range of 4,000–7,000 cm−1, the resonances in this region do not contribute to the thermal emission of the ant. For the thermal emission and resulting possible radiative cooling effects the range between 0–1,500 cm−1 is much more relevant. In the range of 0–1,500 cm−1, the reflectance for all gap sizes decreases below the reflectance of the hypothetical anti-reflection coating represented by the zero-gap case. In this spectral region the emission is strongly influenced by the distance between cuticle and setae. Increasing these gap sizes shifts the maximum of the emission enhancement towards smaller wavenumbers. This effect can be explained by near field coupling of the LMRs. Three examples of these LMRs of setae in different distances to the cuticle are illustrated in Figure 5.
Figure 5A shows the LMR TM01 of a seta. Interestingly, it corresponds very well to the TM01 of a cylinder, as demonstrated for a thin Germanium wire in [17]. Even the resonance frequency correlates very well to this literature example when considering the larger dimensions of the seta and the lower refractive index of chitin compared to the Germanium wire. Due to the lower refractive index of the seta, the leaky mode covers a broader wavenumber range (Figure 4) and extends further into the surrounding space. Therefore, the LMR can couple to the cuticle and to neighboring setae even if the gap between seta and cuticle becomes quite large. Similar coupling effects have been measured on Si-nanowires, too [20].
In terms of optics, enhancing the thermal emission of the ant for its survival is a problem which is comparable to maximizing the absorption in nanowire antennas for harvesting solar radiation, although different wavelengths are involved. Cao et al. showed that there would be better structures than triangular prisms for enhancing the absorption, at least at resonances of higher order than TM01 [17]. To maximize the photocurrent inside their nanowires, they optimized the absorption of the TM21/TE11 resonances rather than TM01, because these are less sensitive on illumination angle. The TM01 LMR of silicon nanowires has a low absorption cross section (Qabs) [17], which limits the absorption in the wires, a disadvantage that would lower the photocurrent. Cao et al. theoretically showed that the TM01 LMR would have the largest potential to enhance the photocurrent compared to unstructured silicon with the same thickness, at least for certain illumination angles [17]. However, a wire that could use TM01 LMR would require a diameter of around 10 nm, which is experimentally not feasible.
Despite the absorption bands in the MIR, which increase the refractive index of the chitinous setae, the optical nanowire antennas investigated by Cao have a much higher refractive index. Thus, the TM01 LMR of the setae have an even lower Qabs [4] compared to the nanowires. This turns into an advantage for the thermal emission problem of the ant. The setae cannot be treated as isolated antennas, since the underlying cuticle is an integral part of the body that always plays a role for the optical system of the ant. Thus, a large Qabs is not necessary for the setae to enhance the outcoupling of the emitted thermal radiation of the cuticle. In this, the ant differs fundamentally from the nanowire antennas, where the substrate does not play an optical role. Therefore, near field heat transfer and near field coupling effects are much more relevant for the ant [9, 20]. For such coupling, the TM01 of the setae is beneficial, because of its larger spatial extension compared to higher order resonances or to TM01 resonances of high refractive index materials like Ge.
In this study, the TM01 LMR was only investigated for angles of emission perpendicular to the setae’s long axis. However, for angles parallel to the long axis Cao et al. [17] experimentally characterized the LMRs of an isotropic nanowire and theoretically showed that there are only minor differences in the low order LMRs for nanowires of round, rectangular, hexagonal, and triangular cross-sectional shapes. The results in [17] show that the absorption cross section Qabs is largest at normal incidence and decreases at larger angles of incidence. Especially the TM01 resonance strongly decreases beyond 40° to normal incidence and disappears at parallel incidence. The incidence angle on the setae in the setae-cuticle system is limited by the angle of total internal reflection at the cuticle-air surface, which is about 40°; larger angles result in evanescent waves, which lead to parallel incidence on the setae. Since the TM01 resonance of wire shaped objects (including objects with triangular cross sections like the setae of C. bombycina) is not excitable from these angles [17] the respective electric fields can no longer couple to the LMR. Thus, this scenario plays a minor role for the emission enhancement of the ant cuticle. Therefore, we focus on angles of emission perpendicular to the setae’s long axis, thus avoiding expensive 3D-simulations of the complex architecture of the natural setae-cuticle system and still gaining the most important information on its mode of action in the MIR. The LMRs of the triangular setae, illustrated in Figure 5A, are almost cylindrical even near the cuticle. Therefore, the TM01 LMR is excitable over a broad illumination angle and the LMR can radiate into all the seta’s azimuthal angles in free space. Thus, the coupled LMR extends the angle of emission of the ant cuticle. Thereby, the thermal emission of the ant is enhanced by outcoupling of evanescent waves. The TM01 intercoupling of the randomly arranged setae and its coupling to the cuticle causes the system to act like an array of low-Q optical antennas [20] that emit in the MIR and offload thermal radiation, which helps to keep the ant cool.
Figures 5B, C show the higher order resonances (TM11 and TM21). TM11 corresponds well to simulations of triangular nanowires published by [17]. Since higher order resonances like TM21 occur at shorter wavelengths, they are more confined to the seta. Therefore, they cannot couple that efficiently to the cuticle or neighboring setae like lower order resonances. Backscattering effects may occur and therefore the setae become a hinderance for the emitted radiation in these wavelength ranges. This is the reason why the emission depicted in Figures 4B, D decreases in these wavelength ranges compared to the zero-gap situation.
The simulations shown in Figures 4A, B reveal a certain wavenumber range where the near field-coupled TM01 LMR have a lower reflectance than a classical anti-reflection coating. If the peak wavenumber of the Planck radiation at 53°C ([image: image] 640 cm−1) is plotted in the diagram (black dash-dot vertical line), it becomes clear that the reflectance of the TM01 is minimal in that wavenumber range. This increases the emission of a black body at an emission angle perpendicular to the cuticle surface. However, the whole hemispherical emission at 53°C must be considered. This was done by a numerical integration over all angles within direct emission simulations (Figure 7A), where the resulting emission enhancement through the setae coverage for a series of gaps have been meticulously computed. In accordance with Figures 4B, D the maximum of the emission enhancement occurs at a mean gap size larger than 0 µm. The graph in Figure 7A reveals a maximum of the emission enhancement at a mean gap of 0.63 µm. Notably, this gap size aligns very well with the mean of the log-normal distribution derived from experimentally measured distances between setae and cuticle in the prepared cross section (Histogram Figure 3), at (0.68 ± 0.72) µm. The match between the dimensions of the natural system and the gap with highest emission enhancement is a strong indication for an evolutionary adaptation of the setae-cuticle system.
The dependence of the emission on the gap size suggests that it results from the coupling of the setae’s LMR to the cuticle. If this is the case, the trajectory of the curve in Figure 7A should be significantly influenced by variations in setae dimensions as this would shift the resonances and influence their coupling to the cuticle and between each other. Since the setae of C. bombycina are also adapted to reflect incoming sunlight [4–6], their dimensions are playing a crucial role in the visible and ultraviolet (UV) range [4]. Previous investigations have shown that the reflectance in the visible and the UV becomes better if the setae would be larger than their actual size [4]. The ability of the setae to enhance the emission in the MIR could be a possible evolutionary strain for their size restriction. To verify this, simulations of the emission of the setae-cuticle system were also done with varying setae sizes. This was done with a reduced number of simulations and only for a subset of gaps used for the data in Figure 7A to limit the computational effort. In Figure 7B the results of these simulations are summarized together with the curve from Figure 7A. The results indicate that the maximum enhancement for smaller setae (scaling factor = 0.5, blue dotted) would be localized at larger gaps, whereas for larger setae, the local maximum would be achieved at smaller gaps. At setae scaling factors of 2 (purple) and 3 (green) the emission enhancement decreases almost linearly with increasing gap size, similar to an anti-reflection coating, where the maximum of the emission enhancement is located at 0 µm gap size and leaky mode resonances play a minor role. This compellingly suggests that the setae-cuticle system represents an anti-reflection structure in the MIR through nearfield coupling resonant leaky-modes of the setae to the cuticle.
5 CONCLUSION
The detailed simulations presented in this paper lead to the conclusion, that the setae enhance the thermal emission of the ant in a more complex way then forming an effective medium. The setae not only form a Mie-resonant structure in the visible [4, 6], but also in the MIR. Thus, they do not only shield the ant from visible and UV-light, but also enhance their ability for radiative cooling. This is crucial for the survival of the animals in their extreme desert habitat, where the body of the ants is heated up by solar radiation and the surrounding sand and air. This heat radiates from the body to the environment. Without setae, the emission angle is limited by the total internal reflection inside the cuticle. This leads to evanescent waves that are trapped inside the body. Through the presence of the setae, these waves can now couple to the first order LMRs of neighboring setae, thereby radiating the energy to the full hemispherical angle range. This leads to a thermal emission enhancement of about 6% compared to the plain cuticle. Varying the setae’s size and their distances to the cuticle in our simulations shows, that the parameters realized by the ant are evolutionary optimized for enhancing the thermal emission. Considering the optical effects of the setae in the visible and UV range shows that dimensions, shape, surface structure, and average distance from the cuticle are evolutionary compromises to fulfill a large variety of functions that help this ant species to survive in its environment.
Although the optical functions described for visible and UV-light would be more efficient with larger setae [4], their actual size might be evolutionary restricted through their ability to enhance their thermal emission. The MIR effects are resonant-based, where the size is crucial and larger setae would become a hinderance for radiative cooling. LMRs in, e.g., nanowires have been shown to be an efficient way to enhance the absorption and the emission of light [7]. Radiative cooling does not require energy and is therefore a promising concept for a number of technical applications in the energy sector [21]. Here we show that a concept of radiative cooling based on near field coupled LMRs is realized in a biological system, which mainly differs from technical applications by consisting of low refractive index materials. Such systems can also combine high reflectance in the visible range with a high emittance in the MIR within a single structure. This type of structure has not been considered yet and might provide inspiration for new ways to use passive radiative cooling as a sustainable energy source.
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