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Color Tuning Capabilities in Eu doped GaN LEDs 

Kelsey Ortiz 1, Volkmar Dierolf 2, Brandon Mitchell 1, Hayley Austin 2 

1 West Chester University, 700 S High St, West Chester, PA 19383 

2 Lehigh University, 27 Memorial Dr W, Bethlehem, PA 18015 

KO884931@wcupa.edu 

Abstract: GaN based LEDs are one of the most efficient light sources for solid state lighting and 

displays. Eu3+ doping of this material allows it to produce emissions in the green and red spectral 

range wavelengths with relative intensities that can be controlled. By isolating and scaling 

different emission peaks from Eu-GaN LED’s the possible color ranges were calculated and 

presented on chromaticity plots in CIE XYZ and CIE LUV color spaces.  

1. Introduction 

1.1 Light emitting diodes based on Eu-doped GaN 

Light-emitting diodes, LEDs, have vastly improved artificial lighting compared to the previously used incandescent 

light bulbs. They are also widely used in most of the technology we use today, such as phones, television, and 

laptops. The blue light from white LED bulbs and displays is known to significantly disrupt human sleep and the 

circadian rhythm. One approach used to produce “warmer” LEDs with less blue light is to use additive color mixing 

of red, green, and blue LEDs. It was found that the 

emission spectrum of GaN: Eu provides strong 

emissions in the red which can be color tuned under 

pulsed laser excitation or current injection towards 

the green. Thus, providing a versatile component in 

the quest to creating warmer LEDs [1].  The Eu3+ 

electron configuration, which can be written as 

[Xe]4f6, allows luminescence to occur mostly from 

the excited states of 5D0 and 5D1 [2]. Laser pulses in 

small intervals excite Eu3+ in different ways. After the 

first pulse, the Eu3+ ions are in the 5D0 state but if the 

second pulse arrives within the lifetime of the 5D0 state then the ions can be excited into the higher 5D1 state [3]. 

Similarly, changing the excitation conditions under electrical excitation changes the ratio of the population of these 

levels. Figure 1 shows the emission spectra for an Eu-GaN LED operating at 3.5V and at 7.5V. At the latter, the 

higher voltage, peaks corresponding to the energy transitions from 5D1 appear.  

 

1.2 Human Color Perception 

The human eye perceives color using two different kinds of photoreceptors: rods and cones. There are three different 

types of cones that are sensitive to wavelengths below 420 (short wavelengths), between 520 nm and 550 nm 

(medium wavelengths), and above 560 nm (long wavelengths). These cones are called S, M, and L and perceive 

blue, green, and red color respectively [4]. The Commission International de l’Éclairage (CIE) developed a system 

to map out the colors that the human eye can perceive from the additive color mixing of the three primary colors. 

The experiment involved adjusting the light of the primary colors to obtain a color match between the two fields and 

then obtaining the ratios of the three colors. This was done with experiments conducted by W. D. Wright and J. 

Guild from 380 nm to 780 nm in equal step sizes and altogether it formed the 𝑟, g, b Color -Matching Functions [4]. 

Using this standard of color perception, the chromaticity coordinates of an emission spectrum from an LED and the 

corresponding color can be determined. There also exists a variety of different color spaces that can represent the 

colors of the LED. The most common is the CIE XYZ space but the data in this paper is also analyzed using the CIE 

LUV space because it offers a more uniform depiction of visible color [4].  

2. Method 

To isolate the individual emission spectra corresponding to the transitions from the 5D0 and 5D1 transition, the spectra 

under different excitation conditions were analyzed. When plotted on the chromaticity graph, the 5D0 and 5D1 

Figure 1: LED Emission spectrum at 3.5V and 7.5V 
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(a) (b) 

(a) (b) 

emission peaks represent boundaries for the possible color to be obtained. Using simulations that calculate the 

average populations for the 5D0 and 5D1 excited states of Eu3+, the ratio for both peaks were obtained. Then, the 

emission spectrums corresponding to these peaks were scaled. The chromaticity coordinates obtained from the 

scaled emission spectra represent the possible color ranges the LED can be tuned into which depend on the 

populations of the excited state levels and the resulting relative intensities of the emission originating from these 

states.  

3. Results and Discussion 

Figure 2(a) shows the possible colors that can be obtained from an Eu-GaN LED represented in the CIE XYZ color 

space. Each point has a different ratio of the 5D0 and 5D1 peak. Figure.2(b) shows a zoomed in version of the same 

graph representing the different colors obtained from the simulation of populations with a pulsed voltage. The points 

in Figure 2(b) fall between points 7 and 9 in Figure 2(a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similarly, the same results are portrayed in the CIE LUV color space in Figure 3.  
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Figure.2 (a) Shows the range of possible colors for a Eu-GaN LED in the CIE XYZ 

color space. (b) Shows the range of colors obtained from a simulation that obtained 

average populations for 5D0 and 5D1 peaks.  

Figure. 3 (a) Shows the range of possible colors for a Eu-GaN LED in the CIE LUV color 

space. (b) Shows the range of Shows the range of colors obtained from a simulation that 

obtained average populations for 5D0 and 5D1 peaks  
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Circuits to Control Magnetic Fields for Ultracold
Atoms

Mary Kate Pasha
Advisor: Ariel Sommer

Department of Physics, Lehigh University, 27 Memorial Drive West, Bethlehem, PA 18015, USA
mhp221@lehigh.edu

Abstract: Ultracold Li-6 atoms can be used as a tool in studying quantum many-body
physics. I modeled the circuits to control the magnetic fields for our Zeeman slower and
Feshbach coils, focusing on the timescale of the current ringdown process to ensure that
we can switch the fields on and off rapidly, without damaging the circuit components.

1. Introduction

Ultracold atoms open up a world of opportunity in the realm of quantum physics research. Experimental opportuni-
ties such as developments in precision measurement, quantum computing, atomic clocks, and quantum simulation
can all be made possible with atoms cooled to the microkelvin regime. All of these branches of research use sim-
ilar techniques. In our lab, we hope to simulate many-body physics using ultracold lithium-6 atoms. In order to
obtain our desired sample of cold atoms, it is necessary to build circuitry to control each aspect of our cooling and
trapping process. Magnetic fields can be used as a useful tool when trying to cool and trap atoms. I have modeled
the circuits to control the magnetic fields encased in our cooling and trapping elements, focusing on the current
ringdown process to predict how long it takes for the initial current to decay to 0 amps. Creating mathematical
models of our circuit systems allows us to find the circuit configuration that dissipates current in the most efficient
and effective way. Assembling these models aids us in our part selection process, and allows us to predict how the
electronics will run and how long each process will take, giving us more control over our experimental process.

2. Modeling Circuits

To model the ringdown process of circuits, I start by simply analyzing the Kirchhoff loop and junction rules. Using
these equations as a jumping off point, a set of differential equations can be assembled and solved numerically.
Solid state relays and IGBTs act as switches to control the flow of electrical energy in the circuit. For simplicity,
I modeled solid state relays and IGBTs as capacitors when open. We found that placing varistors across the
capacitors present in the circuit dissipated current in the most productive way. I analyzed the circuits in a three
stage process. In stage one, the capacitors charge up, triggering the varistors once the voltage across the capacitors
reached the varistor’s threshold voltage. In stage two, the current rings down. In stage three, the voltage across
the varistor oscillates but never reaches the threshold voltage, allowing the current to ring down to zero. For each
stage, I used physical analysis to find the initial and final conditions, and the equations to solve.

2.1. Zeeman Slower Circuit

The first step of our cooling process is for the Li atoms to enter our Zeeman slower. The Zeeman slower looks like
a conical solenoid and uses a laser beam and a magnetic field to slow down and cool the beam of atoms. The laser
uses the principle of Doppler cooling, while the spatially varying magnetic field enables lower velocities to be
resonant with the laser beam. Below is a diagram of the Zeeman slower circuit and the predicted current ringdown
behavior.

(a) Diagram of Zeeman Slower Circuit (b) Stage 2 of the ringdown process.
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The current across the coils is predicted to ring down in about 2.7 ms, which is quick enough for our purposes.

2.2. Feshbach Coil Circuit

The Feshbach coils consist of two sets of coils to produce the main DC magnetic fields for our experiment. The
coils will run in two different modes: Helmholtz mode and anti-Helmholtz mode. In Helmholtz mode, current is
run in the same direction for the top and bottom outer coils, creating a bias field, while the inner coils tune the
curvature of the field. This creates a magnetic field on the order of 1000 G between the coils, which is strong
enough for Feshbach resonance to occur. In anti-Helmholtz mode, current is run through the top and bottom outer
coils in the opposite direction (while the inner coils are not used), to create a quadrupole field for our magneto-
optical trap. At the center of the coils, the magnetic field has a magnitude of zero in anti-Helmholtz mode.

When originally designing the circuit setup to control these coils, we designed separate circuit systems to control
the Helmholtz and anti-Helmholtz modes. To create a more efficient experimental setup, we can use an H-Bridge
circuit to control both of these modes in the same circuitry. An H-Bridge circuit can change the direction of current
flow by opening and closing switches. Each switch location has an IGBT with a varistor across it.

This circuit needs to rapidly turn on and off (on the scale of 100 µs) so that we can switch quickly from MOT
mode to grey molasses cooling [2], which works best without a magnetic field present. We can model the ringdown
of the H-Bridge circuit to predict how efficient it will be, and ultimately determine if this is the best setup.

(c) Opening/closing switches determines current flow direction. (d) Stage 2 of the ringdown process.

This model predicts the current across the coils to ring down after about 25 µs, below the 100 µs that is required.
Thus, the H-Bridge circuit is a practical model.

3. Gradient Coil

With ultracold atoms, we are able to collect a spin mixture with little interaction, spatially separate spin up from
spin down atoms, and then induce strong interactions to simulate the many-body problem [1]. To separate spin up
and spin down atoms, we can use a magnetic field gradient. To produce our desired gradient, we can use a third
wire loop parallel to the Feshbach coils. Using the Biot-Savart law, we calculated that the magnetic field located
in the same plane of the loop of wire to be B = −µ0IR2

4πx3

∫ 2π

0 ( x
R cosθ − 1)(1+ R2

x2 − 2Rcosθ

x )−3/2dθ . We calculated
that a magnitude on the order of 10 G/m would be sufficient for the magnetic field gradient, which is a reasonable
goal if we run a current of 90 A through a wire loop with a radius of 5” centered about 10” from the atoms.

(e) Experimental setup with the gradient loop. (f) B field gradient for a wire loop a dis-
tance x-R away from the atom cloud.

References

1. Sommer, A., Ku, M., Roati, G. et al. Universal spin transport in a strongly interacting Fermi gas. Nature
472, 201-204 (2011).
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Brownian Dynamics Model of Talin Force
Extension

Kelli Ann Lynch1, David Rutkowski2, Danielle Holz2, Dimitrios Vavylonis2

1University of South Florida, Tampa, FL 33620, 2Lehigh University, Bethlehem, PA 18015
kalynch@mail.usf.edu, dmr518@lehigh.edu, dah414@lehigh.edu, vavylonis@lehigh.edu

Abstract: Talin proteins serve as mechanosensors between the cell and the extracellular
matrix and are vital for cell motility. We utilized Brownian dynamics to create a model of
talin bonding at focal adhesion sites and profile the work for variations in protein length
and unfolding rate constant parameters.
© 2020 The Author(s)

1. Background

Fig. 1: (a) Focal adhesion structures [1]. (b) Brownian Dynamics
model of the strucure.

Focal adhesions are protein structures re-
sponsible for linking the extracellular ma-
trix to a cell’s cytoskeleton, and are made
up of a variety of different proteins that as-
sociate with each other and transmembrane
protein integrin [2]. One major focal ad-
hesion protein is talin, a long protein that
binds to integrins at one end and serves as
a mechanosensor within the cell due to its
conformational changes and unfolding re-
sponses to force. At the opposite end, talin
is also able to bind to actin filaments, which
undergo retrograde flow within the cell and
exert a force on the focal adhesion struc-
ture. A cartoon depiction of one of these
structures can be seen in Fig. 1(a). Talin constructs of different lengths can be produced in labs and therefore our
research aims to develop a model to predict how different constructs will behave in experiment.

2. Methods

2.1. Brownian Dynamics Simulations

To model the response of talin to force within focal adhesion structures Brownian Dynamics simulations were
used. The protein were modeled as individual beads connected by springs. One bead representing binding to
integrin was locked in place and then bonded to a chain of talin beads. Each bead represents a single folded domain
of talin. These bonds underwent thermal fluctuations and could unfold under adequate force, which was modeled
as a decrease in spring constant and an increase in equilibrium spring length. The last talin bead, representing the
domain binding to actin, underwent constant velocity motion along the x-direction so to simulate retrograde flow
speed within the cell. This bond was able to unbind in response to tension forces due to the flow induced by actin.
A diagram of the simulation setup can be seen in Fig 1(b).

2.2. Rate Modeling of Unbinding and Unfolding

In order to develop a probabilistic model for domain unfolding as well unbinding events, we used a kinetic model
based upon the following exponential rate equations (Bell’s law),

kunbind = k0eα|F| kun f old = k′0eα ′|F|,

where k0,k′0,α,α ′ are constants and |F| is the tension of the spring connected to the actin-associated bead or the
spring considered for unfolding, respectively. These rate constants were used to determine if the talin-actin bond
would unbind or a certain talin-talin bond would unfold, respectively.
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3. Results

3.1. Parametrization and Validation

In developing a coarse-grained computational model for the talin protein, we determined model parameters that
provide time- and force-scales approximating those of talin. The viscosity (0.3 Pa s), temperature (300 K), retro-
grage flow speed (v0 = 10 nm/s), and the unbinding rate constants (k0 = 0.01 s-1 and α = 0.1 pN-1) were held
constant for all simulations. Additionally, all simulations began from an extended conformation of the talin protein
similar to Fig. 1(b). The spring constant was 10 pN/nm and the equilibrium spring length was 2 nm for the talin
bonds representing folded domains. For unfolded domains the values were 1 pN/nm and 2.5 nm, respectively.
These parameters produced force and time measurements comparable to experimental values [1]. We verified
the distributions of unbinding time and unbinding force magntitude for cases without unfolding to the analytical
calculation of probability distributions in Ref. [3] and found they were in good agreement.

3.2. Length of Talin Chain

We used simulations to test how the length of chain representing talin impacts the amount of work done on actin
from the start of the simulation up to unbinding. Unfolding constants were the same as for unbinding: k′0 = k0
and α ′ = α . The number of talin beads was varied for the cases of 5, 10, and 15 and for the cases without the
possibility of unfolding versus with the possibility for unfolding. We found that for each additional talin bead
added to the chain without the possibility of unfolding there was approximately 40-50 pN nm of additional work
and this value doubled to approximately 80-90 pN nm per talin bead that could unfold (Fig. 2(a)).

3.3. Unfolding Parameters

We next tested the effect of changing the unfolding parameters k′0 and α ′ with respect to unbinding parameters
k0 and α . All simulations had ten talin beads, corresponding to nine bonds with the possibility of unfolding. A
heat map of the work done before unbinding can be seen in Fig. 2(b) for varying combinations of k′0 and α ′. For
low combinations of k′0 and α ′ unfolding is unlikely to occur before unbinding, thus there is low amounts of work
done. Furthermore, there appears to be optimal cases for combinations at which the amount of work done peaks.

Fig. 2: (a) Work done as a function of the number of talin beads. (b) Heat map of the work done for varying
unfolding rate parameters. Average of 50 simulations per box.
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Non-Equilibrium Clustering of Induced-Charge 
Electrophoresis Driven Janus Particles  
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Abstract: Active particles are a potential building block for configurable and reversible materials. 
Understanding and controlling particle interactions are crucial for their applications. We explore the 
collective behavior of induced-charge electrophoresis (ICEP) driven Janus particles by experiments and 
Langevin-based numerical simulations. We find that long-range hydrodynamic interactions play an 
important role in the spatiotemporal dynamics of their clustering phase. 

 
1. Introduction 

Studies of active matter investigate how self-driven entities produce collective behaviors and properties. Dynamic 
cluster phases occur in many of these systems for complex structure, including flocks of birds and colonies of bacteria. 
Janus particles can be employed to study this phenomenon because they undergo persistent motion in the presence of 
magnetic and electric fields or local thermal and chemical gradients [1]. Under controlled conditions, the clustering phase 
of Janus particles are potential building blocks for configurable structured materials that are also reversible; for example, 
self-assembling micromotors can help transport cargo in biomedical applications [2]. To accomplish configurability and 
reversibility, control over interactions between particles is crucial, but not well understood.  

We explore the collective behavior of induced-charge electrophoresis (ICEP) driven Janus particles by experiments 
and Langevin-based numerical simulations. We analyze the role of pair-wise particle interactions and propose a 
hydrodynamic repulsion model to describe the spatiotemporal dynamics of the clustering phenomenon.  

2. Methods 

2.1 ICEP Driven Janus Particles  
Janus particles with radius 1.5	𝜇𝑚 were fabricated by coating one hemisphere 

of dielectric silica particles with a nickel inner layer and gold outer layer. We drive a 
dilute suspension of Janus particle on a glass slide with ICEP; An external electric field 
was applied perpendicular to the glass slide of the particle suspension such that the 
strongly polarized gold side attracts more ions in the water, serving as a propulsion 
mechanism towards the silica side.  The particles then travel at a constant velocity in the 
direction of their orientation vector 𝑛(.  
2.2 Repulsive Active Particle Model and Simulation  

We model the Janus particle as a repulsive active particle by modifying the 
Langevin equation [3] (Eq 1,2) with an interaction term to Eq 1 to account for the 
interaction of hydrodynamic source dipoles (~ !

"!
) induced by the asymmetric 

distribution of ions [4] (Fig 1A).  
 
0	 = 	𝐹#𝒏. − 𝜉�̇� +

$%&"𝒓
()*+)#

+42𝑘-𝑇𝑊./012 	                                  (1)                                                                   
 

0	 = 	−𝜉𝑟 𝜙�̇� + $2𝑘𝑏𝑇𝑊𝜙,𝑛𝑜𝑖𝑠𝑒                                  (2)     
 
where 𝑟 is the position vector,  𝒏.	is the orientation vector, 𝐹# is the constant pushing 
force, 𝜉 and 𝜉) are the translational and rotational drag coefficients, 𝜙. is the angle between 𝒏.	and the +x axis, 𝑘 is the 
magnitude of the hydrodynamic, 𝑎 is the radial offset of the hydrodynamic interaction, W<=>?@ is the normalized white noise 
over square root unit time in 2D, and 𝑊A,./012 is the normalized white noise over square root unit time in 1D. We solve for 
the finite difference equations and simulate the trajectory of one particle in the reference of another with periodic boundary 
conditions in a square box of area 1600	𝜇𝑚B. Using parameter optimization, we fix 𝑘 = 39	and 𝑎 = 1. Constant driving 
velocities at 1.3	𝜇𝑚/𝑠 5	𝜇𝑚/𝑠	 and 10	𝜇𝑚/𝑠 correspond to external electric field potentials of 3V, 6V, and 9V, respectively 

r 

𝐧"	 

X 

Y 

𝜙! 

Figure 1. A) Flow field due to 
polarized metal hemisphere [4]. 
B) Coordinate of simulated Janus 
particle. 

A 

B 
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3. Results and Discussion  

3.2 Pair Correlation Function  
We found the pair correlation function as a histogram of particle distances 

normalized by number density (Fig 2). We find the peak probability of particle 
distance to be at 4.8 𝜇𝑚 in the simulation and 4.6 𝜇𝑚 from the experiment, 
independent of driving speed. This suggests that the active particles aggregate due to 
persistent motion during collisions, yet do not touch due to a long-range repulsive 
interaction. 

Though the experimental first peak is well-described by the simulation, 
subsequent lower peaks are not accounted for because only two particles are 
simulated.  

3.2 Cluster Lifetime 
By quantifying all durations of two-particle clusters (𝑟	 < 	5𝜇𝑚), we 

observed an approximate agreement between the experimental and simulation cluster 
lifetimes (Fig 3). The characteristic lifetimes 𝜏C were calculated by summing all 
particle lifetimes weighted by probability. 𝜏C is on the order of 10*D𝜏" where  𝜏" =
!
E$
= 17.3𝑠 is the reorientation time scale. This observation suggested that the 

reorientation time is not a major control parameter of the cluster lifetime. We find the 
cluster lifetime probability distribution at lifetime > 0.033s (the frame resolution of 
experimental video) to be similar between experiment and simulation.   

4. Conclusion  

When two particles encounter, the hydrodynamic interaction between them 
causes them to slowdown such that they “dance” around each other briefly until 
sufficient Brownian rotation to allow them to move away.  Through this mechanism, 
our repulsive-active-particle model manifests a pair correlation function similar to 
that of experimental results and display similar characteristic two-particle cluster 
lifetimes and cluster lifetime distributions. In preliminary results, a crowding-induced 
decrease in particle mean speed was also observed in the simulation at experimentally 
relevant densities, suggesting that clustering increases with particle area density in 
the simulation.  

Our findings show that a Langevin-based simulation of two active particles 
interacting with long-range repulsive hydrodynamic forces can reproduce the pair-
wise clustering behavior of ICEP driven Janus particles. The simulation contributes 
to a microscopic understanding of the dynamic clustering phase. Our model 
simplifies the consideration of hydrodynamics in microscopic particle interactions 
and opens up new opportunities to efficiently study the statistical properties of many-
particle clustering. Future work will include the investigating of self-assembly in our 
repulsive particle system by refining the hydrodynamic interactions in our model.   
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Abstract: We examine the use of light curves extracted using ensemble photometry from
the Transiting Exoplanet Survey Satellite (TESS) Mission to determine the ages of faint
star clusters, which are too dim to resolve the individual stars and perform medium to high
resolution spectroscopy. By differentiating the star and sky pixels without identifying the
stars that lie in each target pixel file (TPF) of the clusters, a novel approach to differentiate
the young stellar populations from the old can be developed. © 2020 The Author(s)

1. Introduction

1.1. Data Products of the TESS Mission

The TESS mission, launched in April 2018, provides researchers with time-series photometry on more than
250,000 stars with the primary goal of cataloging Earth-sized planets. These postage stamps of individual systems
taken at two-minute cadences are read out as TPFs. Additionally, TESS reads out full frame images (FFIs) at thirty-
minute cadences with a 4x96 degree field-of-view where users can cut out targets of interest. We use TESScut to
cut out specific clusters of interest from the FFIs to analyze the time-series photometry [1]. The light curves which
plot the flux counts from the pixels from the cutouts as a function of the time in Barycentric Julian Date (BJD) are
extracted by masking the star pixels over the cutout TPFs.

1.2. Photometry

Various techniques for masking the starlight are used in different circumstances. The thresholding method marks
pixels in the TPF such that the median brightness of those pixels is greater than the threshold times the standard
deviation above the median of all pixels in the TPF. The TESS data pipeline also produces aperture masks for
various targets which are the default masks used in various light curve softwares, such as lightkurve [2].
Furthermore, when extracting light curves from a TPF with a given aperture mask, aperture photometry sums all
the masked pixels as a single flux value in each image. Ensemble photometry is similar in that after star and sky
masks are defined, the pixels from the star mask are summed up. This works well for integrated photometry of
star clusters, but point spread function (PSF) photometry is more complex offering various signals of overlapping
stars to be analyzed.

1.3. Star Clusters

Aggregates of millions of stars which are gravitationally bound and of the same age and composition define
star clusters. The two categories of star clusters include globular clusters and galactic or open clusters. Globular
clusters are densely populated systems of stars that contain old, low mass stars, including variable stars such as RR
Lyrae. Conversely, open clusters appear as sparsely populated systems and ultimately disperse due to tidal forces
between stars and other objects [3]. The similarities of the star ages in each cluster makes them optimal targets for
determining their ages through ensemble photometry.

2. Methods and Results

We aim to use ensemble photometry by systematically constructing star and sky masks for various star clusters.
This is accomplished through binning the pixel flux values from the TPFs into histograms and setting a threshold
cutoff value to separate sky and star pixels. Using Python 3 with Jupyter Notebooks, we create cutouts of various
star clusters of interest and store them as TESS TPFs in lightkurve. The middle cadence for each target is
used to minimize instrument systematics, such as the differential heating of TESS by the Sun due to its orientation
during the earlier part of data collection [1].
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Fig. 1: Top: Histogram of Flux for NGC 6231 with lower and upper thresholds assigned to separate star and
sky pixels. The cutoff value helps define the upper threshold. Bottom Left: Corrected Lightcurve of NGC 6231.
Detrending was done using Principle Component Analysis (PCA). Bottom Right: The sky and star masks of NGC
6231 using the threshold cutoff method.

The middle cadence of the TPF’s flux values were plotted as histograms with constant bin width as illustrated
with NGC 6231 in the top panel of Figure 1. The prominent observation for the histograms of all targets was a
large peak of sky pixels which dominated lower flux values of the histograms. Using this recurrent observation of
a prominent peak representing sky pixels for each target histogram, an algorithm which sorts the bins greater than
a horizontal threshold value as sky pixels and bins lower as star pixels was developed. For each target, we made
resulting sky and star masks to visualize the amount of starlight and sky background captured in each mask (lower
right panel of Fig. 1) after running the threshold algorithm.

Using the standard lightkurve detrending procedure with RegressionCorrector [2] to correct the
light curves, we present the resulting light curve for NGC 6231 (lower left panel of Fig. 1). We observe a strong
signal, presumably originating from a single bright variable star in the cluster, in the corrected light curve. We
hope to extract light curves of individual stars across each TPF in the future to remove the light from brighter stars
in each cluster and analyze the signals from the majority of stars in the system for determining the ages of various
clusters.

3. Conclusion

We present a novel technique to systematically identify the star and sky pixels in the TPF of various star
clusters without locating specific stars in each cluster by setting a cutoff for the bin height of the flux values in
their respective histograms of flux. In the future, we plan to continue searching for a peak on the histograms that
represent the star pixels of the TPF to improve our algorithm. From the corrected light curves, we observe that
certain sparsely populated star clusters, such as NGC 6231, contain strong, consistent signals suggesting that a
single or couple of bright variable stars may dominate the light curves for these clusters.

4. Acknowledgements
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research made use of Lightkurve, a Python package for Kepler and TESS data analysis [2].
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Abstract: We develop and test an algorithm to extract detrended light curves from large
target pixel files of several open clusters drawn from the TESS dataset as a first step to
measuring the fluctuations of the clusters’ variable stars and determining the clusters’ ages.
© 2020 Authors

1. Introduction

Open clusters are collections of hundreds to thousands of stars, bound loosely by gravity, that formed from the
same cloud of interstellar gas. Over 1,500 have been discovered in our galaxy, and many more are hypothesized to
exist [1]. Their ubiquity makes them fundamental to the processes that shape galactic evolution, and it is therefore
vital to be able to accurately measure cluster properties as a step to better understanding stellar evolution and
galaxy formation.

Stars in open clusters are roughly the same age due to their shared origin, which allows us to assign an age to
the cluster itself. If this age can be accurately measured, observing clusters of different ages across the sky will
provide us with valuable data with which to describe cluster evolution. Unfortunately, many common signifiers
of age, such as stellar spectrum and luminosity, are difficult to measure in dense structures such as open clusters
because it is difficult to distinguish the stars from each other.

To avoid this issue, we seek to measure the ages of clusters by observing the fluctuations in luminosity of the
cluster’s variable stars, which are known to correlate with age. An individual star’s luminosity fluctuations will
appear in the net luminosity regardless of resolution.

We measure the fluctuations of variable stars by periodically imaging the star and tracking the variations in
brightness of the pixels over and surrounding the star. This method is called photometry and it produces a curve
of photon flux over time which is called a light curve. When we perform this method on an unresolved cluster of
stars, it is called ensemble photometry.

The focus of our work is to create an algorithm that uses ensemble photometry to extract a light curve from
open clusters and measure its variations, which is the key component to inferring the age of the cluster.

2. Method

2.1. Using TESS Data

We developed and tested our light curve-extracting algorithm on unresolved open clusters from the Transiting
Exoplanet Survey Satellite (TESS). TESS was launched in 2018, primarily to search for the telltale periodic
reduction in stellar luminosity that is caused by an exoplanet crossing between a star and the Earth. As such, it
is well equipped to measure variations in the luminosity of stellar clusters. It is also lower resolution than other
variable star surveys and covers more of the sky, yielding more unresolved open clusters than other surveys. Both
these characteristics made TESS an excellent source of data for our project.

Every thirty minutes, TESS takes a two-second exposure of a sector of the sky. These images are relayed to
Earth and saved as a Target Pixel File (TPF). To form our dataset, we extracted 1 square degree TPFs of eight of
the brightest open clusters in the TESS field, as well as two globular clusters to determine if our method breaks
down for these much denser and more populated clusters.

At the perigee of every orbit, TESS rotates to face Earth and uploads that orbit’s data. At these moments,
the satellite ceases data collection. Due to the change in orientation, solar radiation heats different parts of the
spacecraft, including the cameras, which increases the overall brightness of the images when TESS records data
again. The brightness decays within the next few days, and the variation in brightness caused by this decay can be
as large as fifty times the astrophysical variations in the luminosity of the open cluster. It is therefore essential to
correct for these brightness deviations accurately when extracting a light curve from a TPF,
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2.2. Pixel Masks and Choosing the Star Fraction

To correct for background brightness, we split each image in the TPF into a set of dim “sky pixels” and bright
“star pixels,” computed the net brightness of the star pixels over time, and subtracted it from the brightness of the
sky pixels to yield the corrected light curve of the cluster. The essence of this method is the algorithm used to
choose the “star fraction:” the fraction of pixels in the TPF that should be considered star pixels.

By manual trials, we determined that star fractions between 0.2 and 0.05 were most effective. However, the
optimal fraction varied based on the number of stars in the TPF. We built several algorithms to account for this;
the one described here assumed that the number of spacial maxima in the TPF was proportional to the number of
star pixels, where a spacial maximum is defined as a pixel whose average flux is greater than that of its closest
neighbors. The motivation for this assumption was that, neglecting noise, the only spacial maxima in a TPF
should be the centers of stars. Counting the spacial maxima would therefore be equivalent to counting the number
of stars, which is the desired outcome. Considering error changes the proportionality constant relating the number
of maxima and number of star pixels, but it does not change the inherent proportionality.

We therefore measured the fraction of the pixels in the TPF that were spacial maxima and multiplied by a
proportionality constant of 1.5 to get the star fraction. The constant 1.5 was chosen manually because it allowed
the star factor to fall in the acceptable range of 0.2 to 0.05.

3. Results

For eight open clusters, we chose the star fraction by the above method, isolated the star and sky pixels accordingly,
and generated corrected light curves via the lightkurve package [2] with similar levels of success. Figure 1 shows
the star and the sky pixels, and figure 2 shows the corrected light curve. Both these figures depict IC 2391 as an
example.

Fig. 1: Left: IC 2391 with the stars cut out by the
maxima-counter algorithm. Right: The stars that were
cut out.

Fig. 2: The corrected light curve generated using the
star and sky masks shown in figure 1.

The gap in the light curve of figure 2 occurred when TESS transmitted its data to Earth, and the uncertainty in
the light curve immediately afterwards is the remnant of background brightness which has been corrected. The
variations elsewhere are mostly caused by variable stars in the cluster and will be helpful in determining the age of
the cluster in future studies. We also observed less pronounced variations in the two globular clusters we studied.

4. Conclusion

We have constructed a robust algorithm to isolate the star and sky pixels in a large TPF of an open cluster and
generate the cluster’s corrected light curve. In the future, will investigate the variations in this light curve, how
many stars are responsible for them, and what they tell us about the age of the cluster.
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Abstract: We report the phonon and vibrational properties of MgO-ZnO using density functional 

perturbation theory. The crystal structure exhibits point group symmetry 𝐷2𝑑(−42𝑚) and has four 

atoms in the primitive unit cell leading to twelve normal vibrational modes at the Γ point. Our 

calculated vibrational spectra show the absence of imaginary frequency in the Brillouin zone 

establishing the dynamical stability of the structure. 
 

1. Introduction 

Zinc Oxide (ZnO) is a wide, direct bandgap (𝐸𝑔~3.4 𝑒𝑉) semiconductor promising for applications in areas 

such as laser diodes and other optoelectronic devices operating in blue and ultraviolet (UV) regimes [1]. 
Low electroluminescence often diminishes the efficiency of ZnO-based optoelectronics [2]. ZnO may be 

doped with MgO to form 𝑀𝑔𝑥𝑍𝑛1−𝑥𝑂, adjusting the bandgap to ~4.4 𝑒𝑉, thus enhancing 

electroluminescence in the UV regime [3]. Isovalent and isostructural alloy compositions of MgO-ZnO are 
generally thermodynamically unstable at ambient conditions [4]. Thermodynamical properties, such as 

specific heat and the Debye Temperature (𝛩𝐷), play an important role in determining the suitability of 

materials for applications [5]. These properties are determined by the quantum vibrations of the lattice, as 

determined by the phonon dispersion relations. The 𝛩𝐷, for example, is a function of the sum over 

frequencies of the 𝑖𝑡ℎ acoustic modes at the zone boundary [6].  

2. Method 

To study the phonon and vibration properties of the ZnO-based material, we used a crystal structure 

predicted in our previous work.  The crystal structure of the studied material is presented in Figure 1. To 

obtain the phonon and vibrational properties of 𝑀𝑔𝑍𝑛𝑂2, we 

used density functional perturbation Theory (DFPT) as 
implemented in the Quantum Espresso electronic structure 

code [7]. The electronic wavefunctions are represented by a 

planewave basis with an energy cutoff of 50 eV. We 
optimized the crystal structure allowing all the ionic positions 

and the cell volume to relax until the energy is converged to 

within ∼ 10−3 eV and the forces dropped to ∼ 10−3 eV/Å. 

The exchange-correlation interactions were described with 
the generalized gradient approximation of Perdew Burke 

Ernzerhof functional [8]. The Brillouin zone is sampled using 

a 6 × 6 × 4  Γ-centered k-point grid. The phonon and 

vibrational properties were calculated with a 2 × 2 × 2 q-

point grid in the Brillouin Zone.  

Results and Discussion 

We present in Figure 2 the calculated phonon spectra and the corresponding phonon density of states and 

projected phonon density of states. The absence of any imaginary frequency in the Brillouin zone defined 

along the high symmetry paths: 𝛤-𝑋-𝑀-𝛤-𝑍-𝑅-𝐴, confirms the dynamical stability of the studied material. 
From phonon projected density of states, Zn atoms dominate at the acoustic branch, whereas Mg and O 

Figure 1: Crystal structure of 𝑀𝑔𝑍𝑛𝑂2 

 

 

Mg 

Zn 

16



atoms primarily contributed to the optical modes. This makes intuitive sense since the low-frequency 
phonon modes are generally dominated by the heavier atoms. At lower optical mode frequencies, Mg atoms 

dominate. Around ~500 𝑐𝑚−1, both Mg and O vibrational mode frequencies are substantial.  

We further explored the symmetry of the phonon modes. The ground state crystal structure of 𝑀𝑔𝑍𝑛𝑂2 

belongs to the 𝑃4𝑚2 space group No. 115 with a point group symmetry of 𝐷2𝑑(−42𝑚). Since the primitive 

cell contains four atoms, the irreducible representation is twelve vibrational modes at the zone center (Γ 

point). Using group theory, we determine the irreducible representation of the modes at the zone center as 

Γ = 𝐴1(𝑅) + 3𝐵2(𝐼𝑅 + 𝑅) + 4𝐸(𝐼𝑅 + 𝑅), where R and IR denote Raman- and Infrared-active modes, 

respectively. The irreducible representation can be divided into Γ𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 𝐵2 + 𝐸 and Γ𝑜𝑝𝑡𝑖𝑐 = 𝐴1 +

2𝐵2 + 3𝐸. The usual three acoustic modes were observed at the lowest frequencies. These modes are 
characterized as the transverse acoustic (TA), longitudinal acoustic (LA), and out-of-plane transverse 

acoustic (ZA). The remaining modes are optical modes. We could assign the degenerate IR- and R- active 

optical 𝐸 modes to the structure observed at 195.8, 410.6,  and 551.9 𝑐𝑚−1. Another R-active mode 

belonging to the 𝐴1 symmetry was observed around 529.9 𝑐𝑚−1.  
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Figure 2: Phonon spectra and the corresponding vibrational density of states of 𝑀𝑔𝑍𝑛𝑂2 .  
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