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Abstract 
It is required equipment and technique for measuring of global solar radiation and its component in many 

regions. There are financial difficulties in limited solar radiation measurement especially in developing countries. 
In this study, Angstrom-Prescott model could be employ to estimate solar radiations for 11 stations in Thailand. 
The empirical coefficients have been determined by four empirical methods, i.e., Food and Agriculture 
Organization (FAO), Rietveld model, Glover Mc-Culloch model and Tiwari & Sangeeta model. The estimated 
solar radiation was determined with measured solar radiation by using statistical tests; mean percentage error, 
mean bias error and root mean square error. 
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Introduction  
  With the continuous technological development in 
sustainable energy, solar radiation is considered as one 
of the most important renewable energy sources for 
every life on the earth. Equipment and technique for 
observing of global solar radiation are required. To save 
instrument budgets, many empirical methods to estimate 
solar radiation using other available observations of daily 
meteorological parameters have been studied, such as 
temperature, precipitation, humidity. Data set of sunshine 
duration is accessible in common for many regions. 
Therefore, Angstrom-Prescott equation by using 
sunshine hours is widely acceptable for solar radiation 
estimation in many countries [1,2]. 
 There are five models for calculating empirical 
coefficient in Angstrom-Prescott equation to estimation 
of solar radiation as Food and Agriculture 
Organization, Rietveld model, Glover Mc-culloch 
model and Tiwari & Sangeeta model. The 
climatologically parameter, i.e., sunshine hours and 

topography data, i.e., latitude of interested stations 
were included in Angstrom-Prescott equation [3]. 
 In this study, solar radiation estimations using 
Angstrom-Prescott equation are determined for 11 
stations in Thailand and compared with observed data 
set from Bureau of Solar Energy Development. 
 
Materials and Methods  

The dialy observed sunshine hours from Thai 
Meteorological Department for 11 stations over 
Thailand are used as time series of meteorlogical 
parmeters in Angstrom-Prescott equation  (as showns 
in Eqaution (1)) to estimated solar radiation [3]: 

                                                                         (1) 
 
where  H is Estimated solar radiation, H0 is Daily 
extraterrestrial solar radiation, a and b are empirical 
coefficients, n is  sunshine hour and Ld is Astronomical 
day length. 
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Extraterrestrial radiation (H0) and Astronomical 
day length (Ld) can be calculated from Equations (2) 
and (3), respectively: 

                                                             (2) 
 
         (3) 
 
where         is latitude,      is declination,        is solar 
constant and        is solar hour angle. 

Five empirical methods were estimated empirical 
constants which are Food and organization (FAO), 
Rietveld, Glover Mc-Culloch, Tiwari and Sangeeta and 
least square model.  

FAO - Empirical constants depend on weather 
conditions i.e. humility, dust, latitude, month etc [4]: 
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Glover Mc-Culloch model [6] 
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There are 3 statistical tests to compare value of 

solar radiation between estimated values and 
measures values. 

First, Mean Percentage Error (MPE) is derivation 
of solar radiation between estimated and measured 
values [7]: 

    
                                                           (4) 

   
Second, Mean Bias Error (MBE) is divergence of solar 
radiation between estimated and measured values: 
     
                                                                  (5) 

 Third, Root Mean Square Error (RMSE) is the 
same idea of MBE: 
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Positive MPE and MBE shows over estimation 
and negative values shows under estimation. MPE 
and MBE values go to zero, absolutely. RMSE values 
are never negative.  

 
 Results and Discussion 
 Estimated solar radiations at 11 stations in 
Thailand could be shown in Figure 1. Preliminary 
results show that maximum solar radiation were 
detected in April overall Thailand and the months of 
May to October was caused monsoonal period in 
Thailand.  

The estimated solar radiations show 
underestimation during April through October 
compared with measured solar radiations over most of 
stations except Nakhon Sawan station. The amounts 
of calculated solar radiations during November 
through March were close to observations.  

Statistical values are shown in Table 1. Glover 
Mc-Culloch is clearly show the best model ability to 
calculate empirical constant for estimation of solar 
radiation for most of stations. Some stations such as 
Surin and Songkhla, FAO is the best model to. MPE, 
MBE and RMSE values in Surin are 0.447, -0.509 and 
8.184 for FAO model and 0.573, 0.586 and 8.317 for 
Glover Mc-Culloch model. And the values of MPE and 
RMSE in Songkhla are 0.067and 3.239 for FAO 
model and 0.168 and 3.915 for Glover Mc-Culloch 
model. Comparison of statistical values between 
Glover Mc-Culloch Model is acceptable to use instead 
of FAO model. 
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Figure 1(a) Solar radiation for 4 models at               
Chiang Rai. 
 

 
Figure 1(b) Solar radiation for 4 models at               
Chiang Mai. 
 

 
Figure 1(c) Solar radiation for 4 models at Nan. 

 
Figure 1(d) Solar radiation for 4 models at 
Phitsanulok. 
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Figure 1(e) Solar radiation for 4 models at               
Nakhon Sawan. 

 
Figure 1(f) Solar radiation for 4 models at Bangkok. 
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Figure 1(g) Solar radiation for 4 models at KhonKaen. 
 

Figure 1(h) Solar radiation for 4 models at              
Nakhon Phanom. 
 

 
Figure 1(i) Solar radiation for 4 models at Surin. 

Figure 1(j) Solar radiation for 4 models at           
Surat Thani. 
 

 
Figure 1(k) Solar radiation for 4 models at Songkhla. 
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Table 1 Statistical value of 4 models at all stations

Statistical 
tests  

model 
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MPE 

FAO -0.122 -0.131 -0.167 -0.058 -0.082 -0.030 -0.174 -0.085 0.447 -0.115 0.067 

Rietveld -0.206 -0.184 -0.273 -0.133 -0.154 -0.159 -0.301 -0.164 0.160 -0.274 -0.060 

Glover  -0.0625 -0.077 -0.109 0.010 -0.013 0.051 -0.110 -0.021 0.573 -0.028 0.168 

Tiwari -0.135 -0.083 -0.109 -0.058 -0.066 -0.036 -0.198 -0.073 0.332 -0.130 0.055 

MBE 

FAO -2.596 -3.055 -3.173 -1.235 -1.879 -1.040 -3.627 -1.953 -0.509 -3.104 0.542 

Rietveld -3.604 -3.845 -4.622 -2.128 -2.877 -2.527 -5.263 -2.946 -2.865 -5.235 -0.867 

Glover  -1.608 -2.111 -2.227 -0.105 -0.680 0.227 -2.550 -0.871 0.586 -1.645 2.166 

Tiwari -2.567 -2.280 -2.227 -1.097 -1.521 -0.853 -3.618 -1.661 -1.700 -2.898 0.647 

RMSE 

FAO 4.334 4.898 5.016 3.245 3.724 3.422 5.149 3.692 8.184 5.322 3.239 

Rietveld 5.656 5.604 6.767 4.408 4.906 4.759 6.976 4.862 9.845 7.275 4.305 

Glover  3.879 4.382 4.555 3.062 3.342 3.318 4.514 3.300 8.317 4.671 3.915 

Tiwari 4.455 4.480 4.555 3.397 3.653 3.893 5.525 3.692 9.744 5.626 3.704 

 
 

Conclusions  
 Angstrom-Prescott equations can be estimated 
solar radiation in Thailand. Glover Mc-Culloch is the 
best model to calculate empirical constant in all 
stations. 
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Abstract 

We present computational simulation of merging between two spiral galaxies, while each galaxy has Dark Matter 

(DM) halo and disk particles. After a major merging event between two galaxies, they are transformed into an elliptical galaxy. 

This study uses Navarro–Frenk–White ( NFW)  and Sersic profiles to describe distributions of particles.  NFW profile is an 

empirical model for DM halo, which is produced in collisionless DM particles simulations. On the other hand, Sersic profile is a 

mathematical function that describes how the surface brightness/density of a spherical system varies with distance from the 

center.  These two profiles are used to create Initial Conditions ( IC)  for the N-body simulation.  The well-tested code called 

“GAlaxies with Dark matter and Gas intEracT-2"  (GADGET-2)  was used to calculate the distribution of particles in galaxy 

mergers and the formation of new galaxy, under the assumption of collisionless dynamics, which is based on Friedman–

Lemaître model.  Ultimately, the simulations will be used to study influence of supermassive black hole (SMBH)  and active 

galactic nuclei (AGN) on galaxy mergers and their evolution. 

 

Keywords: Merging galaxies, Formation of galaxy, N-body simulation, AGN 

 
Introduction 

The Large Scale Structures of the Universe form and 

evolve through merging of smaller systems to make larger 

and more massive system over time. Typically 100 millions 

to billions of years.  This is the so called hierarchical 

structure formation.  Galaxies are believed to form inside 

DM haloes which originally collapsed via gravitational 

instability. The galaxy merging usually follows after the DM 

haloes merge via dynamical friction and gravitational 

interactions. Such merging of the late-type gas-rich galaxy 

will also trigger an episode of Active Galactic Nuclei (AGN) 

where the central Super Massive Black Hole ( SMBH) 

accretes the cold gas and radiating huge amount of 

radiation across electromagnetic spectrum. The same cold 

gas also feed the period of starburst inside the galactic 

bulge.  The observed strong correlation between BH and 

bulge mass hint towards the co-evolution of the SMBH 

and its host which is also dependent on environment. 

Furthermore, the AGN feedback is essential to 

understanding galaxy evolution, the evidence of such 

feedback has been observed to interact with the inter 

galactic medium out to 10,000 light-year. 

Here, we would like to setup the initial steps in 

simulating merging of galaxies system by use GADGET-2 

for study formation of major-merging of two galaxies 

system. We can apply this study to another problem. For 

example, merging of galaxies with BH at the center and 

tracking gas particles in accretion disk. 
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Materials and Methods 

Modeling and fitting 

In this section, Modeling and fitting process are 

outlined, what models of density and velocity profiles are 

used and how the fitting is done. 

The Navarro-Frenk-White (NFW) profile 
NFW profile is an approximation of DM produced in 

simulations of collisionless DM particles.  It is called the 

“universal density profile” and can be described by 
 

𝜌𝑁𝐹𝑊(𝑟) =
𝜌0

(
𝑟

𝑅𝑠
) (1 +

𝑟
𝑅𝑠

)
2  (1) 

Where 𝜌0 is related to the density of the universe at 

the time of the halo collapses and 𝑅𝑠 is the characteristic 

radius of the halo. 

Sérsic profile 

The Sérsic profile (or Sérsic model or Sérsic's law) is 

a mathematical function that describes how the 

intensity/density of a galaxy varies with distance from its 

center and also known as 𝑟
1

𝑛 law. This can be written as 
 

𝑙𝑛𝐼(𝑅) = 𝑙𝑛𝐼0 − 𝑘𝑅
1
𝑛   (2) 

 

Σ(𝑅) = 𝑐𝑒−𝑘𝑅
1
𝑛    (3) 

Where 𝐼0 is the intensity at 𝑅 = 0, Σ is surface 

density, 𝑘 and 𝑛 are constant, and the parameter 𝑛, 

called the Sérsic index, controls the degree of curvature of 

the profile. 

Most galaxies are fit by Sérsic profiles with range of 

indices 
1

2
< 𝑛 < 10. The value of 𝑛 correlates with galaxy 

size and luminosity, such that bigger and brighter galaxies 

tend to be fit with larger 𝑛. 

Keplerian rotational curve 

Keplerian rotation is a relation between the circular 

velocity of a particle (𝑣), the radius of the orbit from a 

central star/black hole is proportional to 𝑟−
1

2  and it is 

described by 
 

𝑣(𝑟) =  √
𝐺𝑀(< 𝑟)

𝑟
  (4) 

Where 𝐺 is the Newton’s gravitational constant, 

and 𝑀(< 𝑟) is the mass within radius 𝑟 of the orbit. 

Fitting process 

We use Chi-square minimization for this process. The 

chi-square goodness-of-fit test determines if a data sample 

comes from a specified probability distribution, with 

parameters estimated from the data. The test groups the 

data into bins, calculates the observed and expected 

counts for those bins and computes the chi-square test 

statistic.  

The Chi-square fitting is described by 

 

𝛸2 = ∑ (
𝑂𝑖 − 𝐸𝑖

𝐸𝑖

)
2𝑁

𝑖=1

   (5) 

Where 𝑂𝑖  are the observed counts and 𝐸𝑖 are the 

measured/modeled error based on the hypothesised 

distribution. 

GADGET-2 

GAlaxies with Dark matter and Gas intEracT 

(GADGET) is a freely available code for cosmological 

simulations following a collisionless fluid with the N-body 

method, and an ideal gas with smoothed particle 

hydrodynamics (SPH). The code can be used for studies 

the evolution of a self-gravitating collisionless N-body 

system, and allows gas dynamics to be optionally 

included. 

System of merging galaxy 

We study system of the galaxy from initial condition 

(IC) of GADGET-2, while each galaxy has DM halo and 

disk particles (This is shown in Figure 1). Each galaxy 

contains 20,000 DM halo particles and 10,000 disk 

particles. In this original IC, unit of mass used is 1010 

solar mass per unit (1.989 × 1040 kg per unit), and each 

DM halo particle has a mass of 0.0010463387 unit 

(𝑚ℎ𝑎𝑙𝑜/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 2.09 × 1027  kg) and mass of disk 

particle is 0.0002325197 unit (𝑚𝑑𝑖𝑠𝑘/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =  4.65 ×

1026 kg). 

http://astronomy.swin.edu.au/cosmos/S/Star
http://astronomy.swin.edu.au/cosmos/B/Black+Hole
http://astronomy.swin.edu.au/cosmos/M/Mass
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Figure 1 Distributions of halo and disk particles in XZ 

plane 

 

Results and Discussions 

We fit density profile and rotation curve of galaxy from 

IC. 

Distribution and velocity profile 

DM Halo density profile 

Fitting density of galaxy using Navarro–Frenk–White 

(NFW) profile (Equation (1)). The density of DM as a 

function of radius from GADGET-2 IC file. We get 𝜌0 = 

0.57 particle/kpc3 and 𝑅𝑠 = 12.94 kpc using Chi-square 

fitting at tolerance = 10% as shown in Figure 3. 

 

 
Figure 2 DM halo density profile with the best-fit NFW 

(dashed blue) 

  
Figure 3 Chi-square Contour plot of the best-fit NFW 

parameters (red cross) 

 

DM Halo rotation curve 

Fitting velocity as a function of radius from IC with 

best-fit polynomial function as shown in Figure 4 and 

checking distribution of halo velocity in each direction (vx, 

vy and vz) of galaxy using normal distribution as shown in 

Figure 5. 

 

 
Figure 4 DM Halo velocity profile (rotation curve) with the 

best-fit polynomial function (yellow line) 
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Figure 5 Distribution of halo velocity at radius R = 12.5 

kpc in each direction (vx-black line, vy-green line and       

vz-orange line) fitted by normal distribution (dash blue) 

 

Disk particles profile 

Fitting surface density of galactic disk to a Sersic 

profile (Equation (2)). We get Sersic index, n = 0.89, k = 

0.12 kpc-1 and c = 10.75 particle/kpc2 using Chi-square 

fitting at tolerance = 10% as shown in Figure 7.  

The best-fit value for Sersic index is as expected for a 

spiral galaxy. 

 
Figure 6 The best-fit Sersic profile (dashed red) and disk 

density 

 
Figure 7 Chi-square Contour plot of the best-fit NFW 

parameters (red cross) 

We model the disk thickness as a function of radius by 

fitting normal function to the particle distributions in 

perpendicular direction for different radius bins as shown 

in Figures 8 and 9. We found that the disk thickness is 

independent of radius and on average the particles 

positions in z-direction can be describe by normal 

distribution with width on average of σz  0.864 kpc.  

 
Figure 8 Distribution of disk particles in perpendicular 

direction to the disk-plane for each radius fitted by normal 

distribution (horizon-thickness (kpc)). 

 

 
Figure 9 Thickness of disk as a function of radius, 

measured by the width of particles normal distribution. 
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Disk rotation curve 

We fit average velocity of disk using Keplerian orbital 

velocity (shown in Figure 10).  

 
Figure 10 Disk velocity of the particles (black) with the 

expected model given M(<r) (red line) 

 

Generating Initial Conditions 

We use histogram probability distribution for 

generating from uniform distribution to profile density via  

𝑠 =  𝑟𝑎𝑛𝑔𝑒[𝑖]  +  𝑑𝑒𝑙𝑡𝑎 ∗ (𝑟𝑎𝑛𝑔𝑒 [𝑖 +  1]  −  𝑟𝑎𝑛𝑔𝑒[𝑖]) (6) 

when 𝑖  is the index which satisfies  𝑠𝑢𝑚[𝑖]  <=  𝑟 <

𝑠𝑢𝑚[𝑖 + 1], 𝑑𝑒𝑙𝑡𝑎 is (𝑟 −  𝑠𝑢𝑚[𝑖])/(𝑠𝑢𝑚[𝑖 + 1]  −

 𝑠𝑢𝑚[𝑖]), 𝑟𝑎𝑛𝑔𝑒 is ranges of the bins are stored in an 

array of n+1 elements and 𝑠𝑢𝑚 is cumulative probability 

for the bins is stored in an array of n elements. 

 

Density profiles 

We use process from Equation (5) to generate density 

profile of DM halo and disk particles together with the 

best-fit NFW and Sersic parameters. The resulting 

particles distribution is shown in Figure 11. 

 
Figure 11 The generated particle density as a function of 

radius (red-DM halo profile and blue-disk particle profile). 

 

Rotation curve 

For DM halo velocity profile, we use polynomial 

function velocity profile from Figure 7 and perturb this 

function using normal distribution to mimic the velocity 

dispersion in each radius bin (shown in Figure 12). 

 

 
Figure 12 DM halo velocity profile populated with the best-

fit polynomial function (green) compared to velocity profile 

from the original IC (orange). 

 

For disk velocity profile, we use Keplerian Orbital 

velocity and total mass from NFW DM halo and Sersic 

profiles as shown in Figure 13. 
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Figure 13 Disk velocity profile (black) compared to 

Keplerian Orbital model from best-fit density profiles (red) 

 

We use mass NFW profile follow by 

 
𝑀(< 𝑟)ℎ𝑎𝑙𝑜 = ∫ 𝜌(𝑟)4𝜋𝑟2𝑑𝑟

𝑅

0

× 𝑚ℎ𝑎𝑙𝑜/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (7) 

Mass from Sersic profile is follows by  

 
𝑀(< 𝑟)𝑑𝑖𝑠𝑘 = ∫ Σ(𝑟)2𝜋𝑟𝑑𝑟

𝑅

0

× 𝑚𝑑𝑖𝑠𝑘/𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (8) 

And total mass of the galaxy describe by 

 𝑀(< 𝑟)𝑡𝑜𝑡𝑎𝑙  =  𝑀(< 𝑟)ℎ𝑎𝑙𝑜  +  𝑀(< 𝑟)𝑑𝑖𝑠𝑘 (9) 

   

Keplerian Orbital model from best-fit density profiles is 

inconsistent at small radius (Figure 13), we therefore 

check the consistency of the mass distribution model by 

plotting the ration of total mass at each radius from the 

original IC to the totoal mass calculated from best-fit NFW 

and Sersic profile. 

We get total mass of NFW and Sersic profile less than 

total mass from IC in small radius as shown in Figure 14. 

The total best-fit model underpredict the mass at small 

scales which we need to improve in future works. And 

according to Equation (4), velocity of paticle is related to 

the total mass which is also underpredicted in this case. 

 
Figure 14 Total mass of each radius ratio between total 

mass from IC model and NFW+Sersic 

 

Conclusions 

From the results, we have used empirical 

mathematical functions (NFW and Sersic profiles) fitting to 

the N-body cosmological simulations. The best-fit 

parameters are then used to create IC for galaxies 

merging in N-body problem which will have a high 

resolution. For example, we decreased mass per particle 

and increase the number of particles. This will provide 

framework for the study of AGN triggering mechanism 

from galaxy mergers and their evolution in our future work. 
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Abstract 

The interaction between Jupiter’s magnetic field and Io creates the bright spot, which is called “Io’s magnetic 

footprint” (IFP). This footprint is a result of plasmas, which are picked up from Io along the magnetic field line and collide with 

atmospheric particles in Jupiter’s ionosphere. The brightness of Io’s magnetic footprint varies according to different positions of 

the Io in plasma torus. In addition, the brightness of Io’s magnetic footprint also varies during the strong volcanic eruption on Io. 

This research study factors that affect variability of interaction between Jupiter’s magnetosphere and Io. The brightness 

variation of Io’s magnetic footprint is indicated by Io’s system III longitude. Io’s magnetic footprint in this research was observed 

by Hubble Space Telescope (HST) along with Advanced Camera for Surveys (ACS) instrument. The data of Io’s magnetic 

footprint brightness from observed ultraviolet images in 2007 were analyzed with modeled brightness variation by IDL program 

(Interactive Data Language). In-depth detail of Io’s magnetic footprint was studied by Fourier analysis to find variation between 

Io’s magnetic footprint brightness and location of Io’s system III longitudes . The result shows that the variation of brightness 

could be controlled by several factors. For example, the magnetic field in Jupiter’s ionosphere and its effect on Io’s magnet ic 

footprint brightness should play an important role in footprint brightness variation. Moreover, the connection between Io’s 

system III longitude that corresponding to Io’s location in plasma torus and magnetic field mapping into Jupiter’s ionosphere  

should be studied further in more detail. 

Keywords: Jupiter, Io, Satellites, Aurorae 
 
Introduction 

      Io atmosphere consist mainly of SO2. The ions and 

electrons accumulate around the orbit of Io and form “Io 

plasma torus”. The plasma torus consists mostly of the 

ions i.e., S+, S++, O+, O++, etc. and rotates with a velocity 

around 74 km/s (~ 6 RJ). The magnetic field lines and 

plasma flow are diverted around Io, creating a structure 

called “Alfvén wing” [1]. The boundary of Alfvén wing is 

the upstream boundary. There is strong perturbation inside 

the Alfvén wing, while there is weaker perturbation at the 

region outside. Particles from volcanic eruption on Io are 

picked-up along magnetic field line and generate bright 

spot at the foot of magnetic flux tube which connects Io to 

Jupiter. This current is created by electric current between 

Jupiter and Io called “Io Flux Tube”. The magnetic footprint 

consists of 3 regions. This research focuses on the main 

brightest spot, which is called “main Alfvén wing (MAW)” 

spot. MAW spot directly connects to interaction between Io 

and Jupiter’s ionosphere. The brightness of Io’s magnetic 

footprint varies as a function of Io’s system III 

longitude        and appears greater when Io is closer to 
the plasma equator. The brightness peaks appear at 

~110° and ~290° [2]. 

      The ultraviolet emission of Io’s magnetic footprint in 

2007 was observed by Hubble Space Telescope (HST) 

which was operated along with Advanced Camera for 

Surveys (ACS) instrument. ACS consists of 3 channels, 

wide field channel (WFC), High-resolution channel (HRC), 

and Solar Blind channel (SBC). SBC operates in the same 

frequency range with Io’s magnetic footprint. The reduction 
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procedure was conducted at Center for Space Physics, 

Boston University [2] and the brightness was reduced into 

the unit of kilo-Rayleights (10kR ~1 mW/m2) [3].   

Materials and Methods 
Observation and Data analysis 
      Observation of Jupiter’s aurora in this work was 
detected in range of FUV image with emission of H Ly    
(~ 120 nm). Numerical analysis of Io’s magnetic footprint 
in this work was analyzed by IDL program (Interactive 
Data Language). Variation of magnetic footprint was found 
to appear as sinusoidal curve with various frequencies. 
Therefore, the correlation between Io’s magnetic footprint 
brightness and Io’s location         was studied by 
Fourier analysis. Consideration of Io’s magnetic footprint 
brightness was divided between northern and southern 
hemispheres due to the magnetic field asymmetry. In 
northern hemisphere, Io’s magnetic footprint brightness 
observed in February was compared with magnetic 
footprint observed in May at longitude about 190°-230° 
and the magnetic footprint brightness observed in March 
was considered at longitude about 130°-150°. In southern 
hemisphere, the Io’s magnetic footprint brightness was 
considered for observations in May and June at the 
satellite’s longitude about 235°-360°. 
         The estimation of brightness and frequency, as well 

as the error analysis were considered by Monte Carlo 

simulation [4]. 

Results and Discussion 

      The results in Figures 1 and 2 show variation of Io’s 

magnetic footprint brightness with Io location (Io’s system 

III longitude). The brightness of Io’s magnetic footprint in 

March 2007 appears brighter than that in June 2007. 

Furthermore, when we consider the result in detail, Io’s 

magnetic footprint in March was detected at the beginning 

of March, while the other was detected in the middle of 

June. From previous study [5], Io had strong volcanic 

eruptions from the end of February through the beginning 

of March, and again at the end of May through the 

beginning of June. Consequently, the variation of currents 

in Io flux tube could be one explanation for the different 

brightness between those two months.  

 

Figure 1 variation of Io’s magnetic footprint brightness on 

March 2007 (red) from observation with fitted variation 

(black) at longitude 130°-150°. 

 

Figure 2 variation of Io’s magnetic footprint brightness on 

June 2007 (red) from observation with fitted variation 

(black) at longitude 130°-150°. 

        Table 1 shows frequencies from simulation which 

represents the variation of Io’s magnetic footprint 

brightness in March and June. The result shown that the 

variation frequency could dominate in March is about 

0.050/deg. and June is about 0.062/deg. 

Table 1 Variation frequencies of magnetic footprint 

brightness between March and June 

Month 
f1 

(deg.-1) 
f2 

(deg.-1) 
f3 

(deg.-1) 
 f4 

(deg.-1) 
March 0.050 0.135 0.124  0.278 
June 0.050 0.033 0.062  0.522 

 

      The Io’s magnetic footprint brightness in May was 

presented in Figure 3. In Table 2, the result shows that 

the second variation frequency (~0.26/deg.) dominates the 

brightness variation. Due to a strong volcanic eruption, it 
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could affect the variation frequency of magnetic footprint 

brightness, which was observed in May, to be higher than 

those observed in March and June. Furthermore, in figure 

3 observation of magnetic footprint brightness was 

combined from two intervals, the middle of May (red) and 

the end of May (blue).  

      In southern hemisphere variation of Io’s magnetic 

footprint brightness observed in May and June was show 

in Figure 4. In Table 3, the result shows that the third 

variation frequency (~ 0.20/deg.) dominates the brightness 

variation. 

 

Figure 3 variation of Io’s magnetic footprint brightness in 

May 2007 in comparison with fitted variation (black) at 

longitude 190°-230°. 

Table 2 Variation frequencies of magnetic footprint 

brightness in May 

Month 
 f1 

(deg.-1) 
f2 

(deg.-1) 
f3 

(deg.-1) 
f4 

(deg.-1) 

March  1.145 0.262 0.573 0.195 

 

 

Figure 4 Variation of Io’s magnetic footprint brightness on 

May (blue) and June (red) from observation in comparison 

with fitted variation (black) at longitude 190°-230°. 

Table 3 Variation frequencies of magnetic footprint 

brightness in May and June 

Month 
f1 

(deg.-1) 
f2 

(deg.-1) 
f3 

(deg.-1) 
f4 

(deg.-1) 

May-June 0.161 0.040 0.207 0.202 

 

      The density of particles in plasma torus was found not 

to be constant while magnetic footprint was fixed with 

Jupiter’s magnetic field [6]. Therefore, this may affect Io’s 

magnetic footprint brightness. Moreover, during volcanic 

eruption, a lot of particles were ejected form Io’s 

volcanoes. Those particles can interact with other particles 

in plasma torus, including with interaction with particles in 

Io’s atmosphere. This could be a reason of the difference 

of variation frequencies. However, this work still has 

several factors that could control variation frequency and 

brightness variation of Io’s magnetic footprin t, which is 

considered to be studied in future. 

Conclusions  

      This work is a preliminary simulation for analyzing 

variation of Io’s magnetic footprint brightness as a function 

of Io’s system III longitude with Fourier analysis. We 

present the different frequencies of Io’s magnetic footprint 

brightness variation and propose possible influence factors 

on brightness variation. However, the study of reaction 

rate between particles from Io’s volcanoes in plasma torus 

and Jupiter’s ionosphere are very important for depth 

interpretation. Therefore, the other factors that control 

frequency of brightness variation of Io’s magnetic footprint, 

including error analysis of Monte Carlo simulation will be 

considered in the future work. 

Acknowledgments 

      The data in this work were based on NASA/ESA 

Hubble Space Telescope program and obtained at the 

space Telescope Science Institute (STScI), which is 

operated by AURA inc. for NASA. This research was 

supported by National Astronomical Research Institute of 



218                                            Physics for Innovation and Creative Society  

Thailand (NARIT). We would like to thank Dr. Phrudth 

Jaroenjittichai, from National Astronomical Research 

Institute of Thailand for suggestions that help to improve 

this work. 

References 

[1]  Kivelson M.G., Bagenal F., Kurth W. S., Neubauer F.M., 

Paranicas C., and Saur J. 2004. Magnetospheric       
interactions with satellites. pp. 513–536.      

[2] Wannawichian, S., Clarke J. T., and Nichols J. D. 
2010. “Ten years of Hubble Space Telescope 
observations of the variation of the Jovian satellites’ 
auroral footprint brightness,”. Journal of Geophysical 
Research (Space Physics), vol. 115, pp. 2206-2219.     

[3] Gustin J., Bonfond B., Grodent D., and Gerard J. C.    
2012. “Conversion from HST ACS and STIS auroral     
counts into brightness, precipitated power and radiated 
power for H2 giant planets,” European Planetary 
Science Congress 2012, pp. 54-61. 

[4] Elizabeth K., Elizabeth B., and Sebastien J.-P.A. H. 
2009. “On the Assessment if Monte Carlo Error in 
Simulation-Based Statistical Analyses”, Journal of     
the American Statistical Association, Vol 63, No.2.         

[5] Yoneda M., et al. 2013.  “Io’s volcanism controls    
Jupiter’s radio emission,” Geophysical Research       
Letters, Volume 40.   

[6] Steffl A.J., Belamere P.A., Bagenal F., 2007. “Cassini 

UVIS observations of the Io plasma torus IV. Modeling 

temporal and azimuthal variability”. Icarus, 194, 153–

165. 

 

 
 
 

 

 

 

 

 



 Siam Physics Congress 2016 Proceedings                                                219 

 

QED Photon-Photon Scattering 

 
S. Supanyo* and U. Robkob** 

Department of Physics, Faculty of Science, Mahidol University, Bangkok, 10400, Thailand 

 

* E-mail:  suppanatsupanyo@gmail.com 
** E-mail:  udom.rob@mahiol.ac.th 

 

Abstract 

        The QED scattering amplitudes of             are calculated at the lowest order of S-matrix which appear as one loop 

diagram. The most probably outgoing photon’s energy appear at half of incoming photon. Moreover, the highest probable 

outgoing photon’s direction will be perpendicular with each other when one of scattering angle is fixed at zero.  

 

Keywords: Light-light scattering, Six photon amplitudes. 

 
Introduction 

          In Classical Electrodynamics, there is no interaction 

between light in the vacuum but it is in Quantum 

Electrodynamics (QED). The interaction occurs through 

massive fermion pair production in the vacuum. The 

lowest order of the QED S-matrix for the elastic photon-

photon interaction was studied by H. Euler, W. Heisenberg 

[1] and R. Karplus, M. Neuman [2,3]. They derived the 

nonlinear Lagrangian of electromagnetic field. 

         In this works the inelastic photon-photon scattering 

are studied on the lowest order QED S-matrix. One of the 

sixty scattering diagrams appears in Figure 1. 

         All Feynman diagrams are generated by FeynArts 

[4]. QED Feynman rules are applied to all diagrams and 

partial calculation are done by FeynCalc [5]. This problem 

become interested to us based on reasons: (i) It is a 

practical calculation in Quantum Field theory more than 

QED tree levels and (ii) some interesting fact about 

inelastic photon-photon scattering will be looking for and it 

may be a quantum nature of down converting mechanism 

in nonlinear optics. 

 

Materials and Methods 

         From diagram in Figure 1, An expression of the 

 
Figure 1 Inelastic photon-photon scattering’s diagram. 

 

scattering amplitude can be written as Equation (1): 
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where a factor 2 comes from symmetry between the left 

turn and right turn of internal fermion loop, known as Furry 

theory. In (1) we have defined               

      and so on. The amplitude in (1) can be written in 

term of six rank polarization tensor as  
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 After summing overall sixty diagrams, we obtain 
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Note that this tensor has the following symmetry. 

                   (                 )   

                   (                     )      (4) 

This symmetry coming from a changing of incoming 

photons at ,  , and  vertices to the outgoing photons. 

The first step of our calculation is done by applying 

Feynman integral 
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so on. Note that we can set the external momenta are on 

mass shell. In general, an expression of polarization 

tensor can be written in the form.  
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where A, B, C and D are coefficients involving loop 

momentum integration and Feynman integral. Only the first 

term is interested because of the gauge invariant property 

[2]. It can be reduced to 
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This term found to be conversed overall loop momentum 

integration. After integrating out the loop momentum, we 

have 

  
      

          (  )   
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In the next step, Feynman integral is evaluated in the low 

energy region   ⁄     ⁄  and      ⁄ . Note that 
  is energy of incoming photons at vertices  and .    

and    are outgoing photons at     and     vertices 

respectively. With the conservation of energy momentum. 

We obtain 3 independence of  (      ).  

 (      )     
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             (13)    

After summing overall polarizations, the squared scattering 

amplitude is calculated to be 

                      | ̅|  
 

 
        

                     (14)   

Let us assign energy momentum in the center of 

mass frame as appear in Figure 2. 

 
Figure 2 Scattering’s condition in CM frame. 
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We obtain 

                      | ̅|  
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Where        and        . After integrating 

overall solid angles in the hemisphere of both angles, we 

obtain 

                     〈| ̅| 〉          | ̅|
  

                                   
            (    )

   
 

   
        (16)     

This is main result of our calculation.  

 

Results and Discussion 

         A plot of Equation (16) as a function of    is 

shown in Figure 4. It shows that the most probable 

outgoing photon appear at         ⁄ . It is a down 

converting mechanism in classical nonlinear optics. 

 

 

 

 

 

Figure 3 Show the probable outgoing photon’s energy 

          

        The polar plot of Equation (15) is shown in Figure 4. 

Note that the diameter of curved lines represents the 

magnitude. 

 

 

 

 

 

 

 

 

Figure 4 Polar plot of (15) when    is fixed 

        Figure 4 shows the direction of probable outgoing 

photon when    is varied and    is fixed. If we fix    

instead of   , the result become the same because of         

indistinguishable photon. 

 

Conclusions 

         We cannot distinguish between each pair of 

outgoing photons due to the fact that Equation (15) has 

the symmetry between both scattering angles. That is 

identical particle property. Moreover each pair of outgoing 

photon has a tendency to have the same frequency so 

their energy will largely be half of incoming. In addition if 

there is one pair of them is forward scattering, the other 

one will mostly be perpendicular to the first one however 

this behavior at the other fixed angles are obscure. 

Especially at fixed angle is   ⁄ , the another pair is able     

to equally be perpendicular or parallel to the first pair.     

That is incompatible with a first case. Although Equation 

(15) also present some identical property because of 

symmetry between 2 pair of outgoing photon, some 

indistinguishable photon’s property vanish if a case of 

fixed angle equal to   and   ⁄    is considered. 
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Abstract 

         This research, we design and build experimental equipment for the motion free fall. It is made of stainless 
steel pipe sold in the market. The stopwatch can measure times of minimum 0.05 seconds. It is designed to be 
controlled Falling objects using magnetic induction. The type GaAs semiconductor laser voltage of 4.5 volts is 
used as the light source for the photo gate. The control switches to stop the use of touch with the permanent 
magnet with the spring after the object fall. When the experimental values Gravitational acceleration compared 
to the values obtained from the National institute of metrology (Thailand value 9.78297 m/s2),  The measured 
value is equal Bangkok 9.78297 m / s2 that the error 2.20 percent. The result from the student after using 
equipment was showed that the new equipment is easy measurement and gave less error 1.28 percent results. 

 
Keywords: Free fall, Gravitational acceleration, Type GaAs semiconductor laser 

Introduction  
        Physics is an essentially important subject for 

science and technology development for the national 

education. Physic studies about numerous natural 

phenomenon which found the environment. Physic 

education enables us to explain the original cause and 

the result of the reactions. Physic is also a basic 

principle to demonstrate several important 

phenomenon which have been discovered nowadays, 

Physic theories are also applied to adapt for numbers 

of new technologies such as engineering principles, 

health care or medical technologists. However physic 

subject is now a weak point for its basic learning and 

teaching in Thailand – so only a few capable and 

successful physicians graduated, this human resource 

is not sufficient to supply for the effective technology 

and equipment development and industries which 

drive the domestic development and these important 

problems should have been resolved as soon as 

possible [1]. Moreover, the educative quality evaluated 

by the National Institute of Education Testing (NIET) 

found that physic learning and teaching in the high 

schools, 2013 year academy fail in, the subject 

average point is at fair level only 29.84 percent and 

the average point on the poor level is up to 70 percent 

[2]. The cause of students fail in the examination 

evaluation – due to the physic learning and teaching, 

are based on applying to the questions and exercises 

or focus on lecturing for mathematic calculation, but 

the students are not trained with the actual 

understanding nor the correct concept of ideas in the 

subject material which affect to physic learning [3]. 

The researcher has realized that the experimental 

equipment should be initiated and developed for an 
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effective experiment with supplied by the lowest cost; 

the equipment development for the free fall motion 

experiment, due to the experimental structure consists 

of the least complex equipment which is using in the 

free fall motion experiment. The free fall motion is 

demonstrated that the object moves falling down into 

vertical direction with a constant acceleration value 

under the experimental condition which the projectile 

speed is determined as zero, so when the relation 

between time, distance and displacement values are 

found, the values can be calculated for the 

acceleration value from the gravitation (g) of the earth, 

obtained from the relation values between 

displacement, time and acceleration, and then the 

result values are imported into a line graph of the 

relation between displacement distance as an 

equation value with multiples two and the time value 

superscripted by two as shown as the straight line of 

slope value which is defined as the gravitational 

acceleration value [4]. 

Materials and Methods 

        This research, we designed the experimental 

equipment in accordant with the theory of the free fall 

motion with the reference point or the release point for 

the object falls down with the start speed value is zero 

and then measures the motion distance in vertical 

direction from the middle position of the object to the 

spring switch off installed below and then the equation 

h = ut+g/2 t² : t = 2h/g : u ≤ 0is used to calculate for 

the result value, and for g average value comparing to 

g value which obtained by the National institute of 

metrology (Thailand) which is the g value predicted at 

Bangkok, is 9.78297 m/s² in order to improve the 

equipment set to display the best certain value or give 

the least error so we designed the timer sensor with 

the photogate light laser as shown in the Figure 1. 

 

Figure 1 The layout model designed for the free fall 

motion experimental equipment. 

 The equipment procedures are: we use an 

object of Superleneplastic ball size 4 centimeter 

diameter, hanged with a screw in the middle position 

of the ball, assembles with a copper spring inductive 

coil size 1 millimeter diameter entwines around the 

steel axis size 2 centimeter and 3 centimeter height 

by 200 rounds in order to supply the empower 

electricity with 250 milliamp, and potential difference 

9-10 volt. The photogate is designed by the light and 

thin 1 centimeter acrylic plate cut as C shape as 

shown in the Figure 2(a) in order to lock the 

semiconductor laser and the phototransistor and the 

timer detector switch to get touch with the object 

impacts. The research equipment is designed by the 

neodymium magnetic bar NcFeS size 20 millimeter 

diameter, 9.75 millimeter thickness, 22.1 gram weight, 

as a niggle material with rugged surface, to be 

assembled with an aluminum plate size 10x15 

centimeter, and then use a galvanize plate covers the 

niggle magnetic pole which assembled with the 

aluminum plate of 4 drilled holes at 4 corner of the 

plate, and then install into those four corners with 4 

stainless bars as a pole size 2 millimeter, 5 centimeter 
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length and assembles with the less constant spring 

into those four steel bars. And in the middle position 

of the diagonal line of the four poles, install a 

galvanize plate size 5x5 square centimeter on the 

base plate, the galvanize plate is assembled with the 

acrylic plate below, and install the magnetic bar into 

the center position of the diagonal line of the 

galvanize plate above 0.3 millimeter higher, and then 

install the copper bar with the galvanize plate on the 

both upper and under sides as shown in the Figure    

2(b). 

 

(a) 

 

(b) 

Figure 2 (a) Photogate layout model (b) Object 

impact timer switch off layout model 

 We designed the experimental procedures with 

the time value calculated from the theory which height 

impacted distance is determined as 1 meter, and set 

up the timer switch to detect for the time of the motion 

distance and time values from the object fall which is 

comparing to the calculated time from the theory and 

then set the time as the motion distance in the vertical 

direction, and the additional distance can be extended 

10 centimeter for each level and then release the 

plastic ball to impact in the vertical direction at least 

50 times for each high level. The result value will be 

imported into a line graph to show the relation 

between time and height, the result values will be 

calculated for the gravitational acceleration value in 

order to compare to the value obtained from the 

theory, and the experimental equipment will be 

brought to apply for a practice examination by 30 

physic students and divided into a group of 2 students 

who have passed the practice lesson on “Free Fall 

Motion” and each couple responsible for calculation 

for the gravitational acceleration value in order to 

compare to g value which is obtained by the national 

institute of metrology (Thailand) 

Results and Discussion 

       The result of the object impacts in several 

different time records and different high levels. After 

that, the result values have been written into a line 

graph to show the relation between height and time 

record which is observed from the experiment and the 

time obtained from the theory under the condition of 

releasing the object impact on several different levels: 

1, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9 and 2.0 

meter and the result found as shown in the Figure      

3(a). 
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(a) 

 (b) 

Figure 3 (a) The graph shows the relation between 

displacement or height and time record obtained from 

the experiment and the time calculated by the theory. 

(b) The graph shows the relation of double value of 

the height and the time superscripted by two obtained 

from the experiment and the theory equation. 

 We found that the time record of the object once 

start released on the displacement distance of the 

experiment equipment, is detected as similar the 

calculated value obtained by the theory. On the other 

hand, when the displacement distance is more 

increasing but, with the same possible direction as 

parabolic motion; and after the result value from this 

experiment has been written in a line graph of the 

relation between double displacement or height and 

time superscript two; the graph line will be shown as 

in the Figure 3(b) the result record is then imported 

into graph line as shown the error value obtained from 

the experiment and the value record from the theory is 

found as in the Figure 4(a). As you can see, the error 

value is least and the line space is narrow at the 

height level of 1 meter, the value is 0.02267 

respectively, increasing and the most value 0.03273 at 

the height 2 meters and after the result record is 

obtained, when the result will be calculated for 

acceleration value from the gravitation, and imported 

into a line graph, the relation of gravitational 

acceleration value and height will be shown in Figure 

4(b) 

   

 

     (a)       

 

 
     (b)  

 

Figure 4 (a) The graph shows the deviation value of 

the time obtained from the experiment (b) The graph 

shows the deviation value of g value obtained from 

the experiment of each high level. 
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 After g average value has been calculated from 

the acceleration value from gravitation, we found the 

average value is 9.567533 m/s² approximately, this 

value is calculated for the acceleration value with g 

value = 9.78297 m/s² which is obtained by the 

national institute of metrology of Thailand, this 

indicates the new equipment displays a result of the 

deviation value is 2.200933 percent. When the time 

record between height and time superscripts two are 

calculated for R – Squared value or variable value of 

the dependent variable which can be described in the 

linear equation R² = 0.998 as shown in Figure 5. 

When the record value is gathered to analyze R-

Square for the summarize sense of the relation when 

the relation is very high or close to 1 that means the 

error value also smaller as inverse variation. 

 

Figure 5 R-Squared Graph shows the relation 

between the height multiply two and the time 

superscript two. 

The result of the experimental equipment for the free 

fall motion is designed and built completely and used 

by the physic students, the experiment for the 

gravitational acceleration calculation is determined by 

each group of all students release the 

Superleneplastic ball at the height 1.1 meter and 

record the time results of the ball impact for 50 times, 

and then calculate for the average value in order to 

find the g value as shown in Figure 6. 

 

Figure 6 The graph shows the deviation value for g 

value calculated from the experiment of each group of 

students.  

       We found that the gravitational acceleration 

average value is 9.65 = 0.48 m/s² and this value is 

calculated for percentage of the deviation by the 

physic students comparing to the error record 

obtained by the national institute of metrology: the 

error value is 1.28 percent. 

Conclusions 

 This research can be designed and built as the 

experimental equipment for the free fall motion 

successfully. The structure is assembled by the 

stainless steel bar sold in the general material market. 

The timer switch can measure the time of minimum 

0.05 second. The plastic ball falls down through the 

magnetic inductive coils, which control the timer 

switch with the semiconductor laser to detect the time 

with gets touch on the permanent magnetic bar and 

the spring coils after the object falls. The release point 

of each height level from 1 meter to 2 meter, which is 

designed by the height positions can be portable 

upper and lower in vertical direction and, conveniently 

used for several experiment. When the gravitational 
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acceleration value is calculated from the experimental 

equipment comparing to the result value obtained by 

the national institute of metrology which have been 

calculated at Bangkok, the deviation percentage of 

2.200933 is found. This equipment is used by the 

physic students, Ubon Ratchathani Rajabhat 

University who have passed the practice lesson on 

the free fall motion, the deviation result found 1.28 

percent. 

 The production budget comparison, the 

experimental equipment for the free fall by the first 

company limited sales at 3,863 baht vat included, the 

structure is made of the alloy material or the second 

company limited sales at 19,800 baht vat included, the 

structure is made of the steel axis, the both equipment 

is more expensive than this new produced equipment 

and the structure is made of strong stainless steel bar, 

can examine to calculate for the gravitational 

acceleration value as similar as the value obtained by 

the theory the same as the general equipment sold in 

the country. 
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Abstract  
          Spiral waves have been investigated in many different excitable media. A set of multiarmed spiral waves 
is a spacial self-organization and rarely studied in experiments because they are difficult to be created.            
We present a method to generate multiarmed spiral waves pinned to an unexcitable circular obstacle in a thin 
layer of the Belousov-Zhabotinsky reaction using a partition method. A thin rectangle and a thin disk made from 
chemically innert plastic (acrylic) are used as the partition and the obstacle, respectively. We demonstrate       
an initiation of three-armed spiral waves.  
 
Keywords: Multiarmed, Spiral waves, Excitable media 

 
Introduction  
 Spiral waves have been observed in a variety of 
physical, chemical, and biological systems including 
CO oxidation on platinum surfaces [1], concentration 
waves in the Belousov-Zhabotinsky (BZ) reaction [2] 
[3], cell aggregation in slime mold colonies [4], 
calcium wave in Xenopus oocytes [5] and electrical 
wave propagation in cardiac tissues [6]. In the heart, 
such spiral waves of electrical excitation and their 
instabilities concern cardiac tachycardia and life-
threatening fibrillations.  

Spiral waves in excitable media are a 
remarkable example of self-organization in the 
underlying physical systems and have been studied 
extensively [7]. An important question for 
understanding complex dynamics in excitable systems 
is interaction of spirals with each other. As an 
example, multiarmed spiral waves consist of a group 
of spirals which rotate around the same core and 

chirality. They have been found in slime mold colonies 
and numerically studied in [8]. The multiarmed have 
been selten studied in laboratory due to the difficulty 
of the wave initiation [9]. In this article we demonstrate 
an initiation of multiarmed spiral waves in the BZ 
reaction which is widely used as a prototype to study 
the dynamics of spiral waves in excitable media.  

 
Materials and Methods 
        In this work, the BZ reaction is composed of 
NaBrO3, malonic acid (MA), H2SO4, and ferroin, all 
purchased from Merck. In addition, a surfactant, 
sodium dodecyl sulfate (SDS, from Fluka), is added to 
the solution  to reduce the production of CO2 bubbles, 
which are uncontrollable inhomogeneities. Stock 
solutions  of NaBrO3 (1 M), MA (1 M), and SDS (1 M) 
are freshly prepared by dissolving powder in deionized 
water   (conductivity  of  0.056 Scm−1),   whereas 
stock solutions of H2SO4 (2.5 M) and ferroin (25 mM) 
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Figure 1 Experimental setup. The reactor is illuminated by a white light source and observed by a CCD camera. 
The temperature of the reaction is controlled by a thermostat. 
 
are commercially available. Appropriate volumes of 
the stock solutions are mixed and diluted in deionized 
water to form BZ solutions with initial concentrations 
[NaBrO3] = 50 mM, [MA] = 50 mM, [ferroin] = 0.625 
mM, and [SDS] = 0.05 mM and [H2SO4] = 160 mM. 
To prevent hydrodynamic perturbations, the reaction is 
prepared with 0.5% agar. 
    Figure 1 illustrates the experimental set up. The 
transparent reactor has a main volume (size 100 × 50 
× 10 mm3) and its top plane (area 100 × 50 mm2) is 
set vertically oriented and normal to the camera 
viewing axis. The reactor is placed on a thermostating 
transparent bath to control the temperature at          
22 ± 1°C. The bath is put on a white light source and 
a color CCD camera (Super-HAD, Sony) to record the 
images of the medium every second with a resolution 
of 100 μm pixel−1. 
 
Results and Discussion 
    We now demonstrate an initiation of three-armed 
spiral waves using a partition method as shown in 
Figure 2. A rectangular plate and a cylinder made 
from chemically inert plastic (acrylic) are used as the 
partition and the obstacle, respectively. The obstacle 

(diameter of 6 mm and height of 3 mm) is attached at 
the middle of the reactor by using silicone paste (see 
the circle in the middle of Figure 2(a)). While the 
partition (area of 25 × 50 mm2) is set between the 
inner wall of the reactor and the obstacle (see the thin 
line in the middle of Figure 2(a)). A 20-ml BZ solution 
is filled into the reactor so that the thickness of the 
solution layer is approximately 3-4 mm. Two planar 
wave fronts (thick band in Figure 2(a)) are stimulated 
by immersing a silver plate into the solution. In the 
course of time, one wave front propagating towards 
the partition will be annihilated and the other will move 
away the partition and attached to the obstacle as 
shown in Figure 2(b). Then the process is repeated. 
The system is stimulated for generating the second 
and the third wave fronts as shown in Figure 2(c) and 
2(d), respectively. After that the partition is removed 
so that the thin line disappears as shown in Figure 
2(e). Finally, the distances between the adjacent wave 
fronts, which are initially different, become evenly in 
the course of time, i.e., the structures are self-
organized as shown in Figure 2(f). 
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Figure 2 The procedure of initiation multiarmed spiral waves, the initiation of the first arm (a),(b); the second 
arm (c); the third arm (d); the   multiarmed spiral waves (e); the multiarmed spiral waves with the same 
distances between the adjacent wave fronts (f). 
 
Conclusions 
       We have presented the initiation of multiarmed 
spiral waves in BZ reaction. For a given obstacle 
diameter of 6 mm, we are able to create a set of 
three-armed spiral waves. We expect that more arms 
can be created but a larger obstacle is necessary. 
Even though the presented method can be used to 
generate multiarmed spirals, the main problem is the 
leakage between the partition and the bottom as well 
as the side wall of the reactor. In the near future, we 
will experimentally investigate the properties of the 
multiarmed spiral waves in different situations. 
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Abstract 

         The position of the moon in Thai culture is divided into 27 sections according to sidereal period using reference from 
fixed stars. These fixed stars have 27 groups, called the lunar mansions. The days of full moon in some lunar mansions were 
assigned to the Buddhist holy days such as Magha Puja, Visakha Puja and Asadha Puja. The study was conducted to find out 
data from the Thai lunar calendar during 2011-2016 by checking the common year, Adhikamasa year and Adhikavara year. 
First consideration was the days of the waxing moon in Khuen 15 Kham day of each months. The Buddhist holy days was 
compared with the day. The celestial coordinates of the full moon (phase have about 15) were compared to celestial 
coordinates of the fixed stars in the lunar mansions, considered from right ascension of the fixed star. Finally, nearby right 
ascension of fixed star with the position of completely full moon was assigned as the lunar mansion. It was found that before 
Adhikamasa year and in Adhikamasa year, the events of full moon may not match with the Buddhist holy days on the Thai 
Lunar calendar. This is due to the fact that the Thai lunar calendar was adjusted to match the solar calendar and the real lunar 
month. This effects the position change of the full moon in the Lunar Mansions. 

 
Keywords: Lunar mansions, Thai Lunar calendar, Adhikamasa year, Buddhist holy days 
 
Introduction 

 Calendar is an instrument for counting dates of 
human activities. Calendar that internationally used is 
count from time that the Sun pass from the vernal equinox 
until it back to the vernal equinox again. Its length is 
365.242199 days per year [1-3]. It is called a solar 
calendar. In Thailand, there is another type of calendar. It 
is a lunar calendar, which is compiled according to lunar 
phases, i.e. from the first day of the waxing moon (Khang 
Khuen) to the dark moon (Khang Raem). Each 29.5 days 
is called one month. Twelve months of Thai lunar calendar 
is equal to 1 year or 354 days. A year have twelve the full 
moons in common year and thirteen full moons in an 
Adhikamasa year -it mean additional the month into the 
eighth month to have double-eighth months in the Thai 
lunar calendar- [1-3]. The period of a month count from full 
moon to full moon or new moon to new moon. It lengths 
29.530588 days [1-3], called real lunar month or synodic 
period. But the period of a month in Thai lunar month, 
count from the first day of the waxing moon (Khuen 1 
Kham) to the dark moon (Raem 15 Kham or Raem 14 
Kham in some months), and the odd months have 29 days 
per month and the even months have 30 days per month, 

one year has 6 odd months and 6 even months. Thus, the 
Thai lunar month average length is 29.5 days per month. 
The difference of the real lunar month and the Thai lunar 
month have 29.530588 - 29.5 = 0.030588 days per a 
month [2,3]. 

Table 1 Number of the days in the each months 

  

The orbit of the moon have two types, the synodic 
period (29.530588 days [2-4]) and the sidereal period 
(27.322 days [2,4,13]). The difference between both 
periods is 29.530588 - 27.322 = 2.208 days. At the same 
starting point, when time passes, one will find that the 
sidereal month is faster than the synodic month. This 
effects the position of the lunar mansions as full moon 
(synodic period) pass over the position of the lunar 
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mansions in real orbit (sidereal period) about two 
mansions.   

The position of the moon in Thai culture is divided 
into 27 sections according to sidereal period using 
references from fixed stars. These fixed stars have 27 
groups [5-9], called the lunar mansions or naksatras [10]. 
Each lunar mansions related to many fixed star (Table 2). 
These fixed stars are located close to each other. The 
days of full moon in some lunar mansions were assigned 
as Buddhist holy days. In Thai culture, there are three 
important Buddhist holy days which are Maga Puja, 
Visakha Puja and Asadha Puja [2,3,6]. These three 
Buddhist holy days count from a full moon day in Thai 
lunar calendar, 15 Kham or Pheng [6]. Maga Puja day is 
Khuen 15 Kham Duean 3 (Duean 4 in an Adhikamasa 
year), Visakha Puja day is Khuen 15 Kham Duean 6 
(Duean 7 in an Adhikamasa year) and Asadha Puja day is 
Khuen 15 Kham Duean 8 (Duean 88 in an Adhikamasa 
year). The positions of the full moon each month name by 
the lunar mansions and followed by Masa -Masa means 
month- such as Magha-Masa, Visakha-Masa and Asadha-
Masa [7]. 

 

 
 

Figure 1 The positions of the full moon each months name 
by the lunar mansions and followed by Masa. 

 

 

 

 

 

 

Table 2 Relation between of the lunar mansions and the 
modern stars [5-8]. 

Lunar Mansions 
Star Names in Modern Star Map 

(fixed stars) 
1. Asvini -Ari, -Ari, -Ari, -Tri, -Psc. 
2. Bharani 35-Ari, 39-Ari, 41-Ari. 
3. Krittika -Tau (Alcyone in the Pleiades), 17-

Tau, 20-Tau, 23-Tau, 19-Tau, 27-
Tau, 28-Tau. 

4. Rhohini -Tau, -Tau, -Tau, -Tau, -
Tau. 

5. Mrgasira -Ori, 1-Ori, 2-Ori. 
6. Ardra -Ori and 3 other stars not 

identified. 
7. Punarvasu -Gem, -Gem, -Gem, -Gem, 

-Gem, -Gem. 
8. Pusya -Cnc, -Cnc, -Cnc, -Cnc. 
9. Aslesa -Hya, -Hya, -Hya, -Hya, -

Hya. 
10. Magha -Leo, -Leo, -Leo, -Leo, -Leo. 
11. Phalguni -Leo, -Leo, -Leo, 93-Leo. 
12. U.Phalguni -Leo, -Vir, -Vir, -Vir, -Vir. 
13. Hasta -Crv, -Crv, -Crv, -Crv, -Crv. 
14. Citra -Vir, -Vir. 
15. Svati -Boo, -Boo. 
16. Visakha -Lib, -Lib, -Lib, -Lib, -Lib. 
17. Anuradha -Sco, -Sco, -Sco, -Sco, -

Sco. 
18. Jyestha -Sco, -Sco, -Sco, -Sco, -

Sco. 
19. Mula -Sco, -Sco, -Sco, -Sco, -

Sco, -Sco. 
20. Asadha -Sgr, -Sgr, -Sgr, -Sgr. 
21. U.Asadha -Sgr, -Sgr, -Sgr, -Sgr, -Sgr. 
22. Sravana -Aql, -Aql, -Aql, -Aql. 
23. Dhanistha -Del, -Aql, -Del, -Del. 
24. Satabhisa -Aqr and 2 other stars were not 

identified. 
25. Bhadrapada -Peg, -Peg. 
26. U.Bhadrapada -Peg, -And. 
27. Revati -Psc and other stars in Pisces. 
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Table 3 Relation between of the lunar mansions and the 
full moon [5] 

Lunar Mansions 
The name of  

full moon 
Thai Lunar 

months 
1. Asvini Asvayucha-

Masa 
Khuen 15 Kham 

Duean 11 
2. Bharani - - 
3. Krittika Krittika- Masa Khuen 15 Kham 

Duean 12 
4. Rhohini - - 
5. Mrgasira Mrgasira-Masa Khuen 15 Kham 

Duean 1 
6. Ardra - - 
7. Punarvasu - - 
8. Pusya Pusya-Masa Khuen 15 Kham 

Duean 2 
9. Aslesa - - 
10 .Magha Magha-Masa Khuen 15 Kham 

Duean 3 
11. Phalguni - - 
12. U.Phalguni Phalguna-Masa Khuen 15 Kham 

Duean 4 
13. Hasta - - 
14. Citra Citra-Masa Khuen 15 Kham 

Duean 5 
15. Svati - - 
16. Visakha Visakha-Masa Khuen 15 Kham 

Duean 6 
17. Anuradha - - 
18. Jyestha Jyestha-Masa Khuen 15 Kham 

Duean 7 
19. Mula - - 
20. Asadha Asadha-Masa Khuen 15 Kham 

Duean 8 
21. U.Asadha - - 
22. Sravana Sravana-Masa Khuen 15 Kham 

Duean 9 
23. Dhanistha - - 
24. Satabhisa - - 
25. Bhadrapada Bhadrapada-

Masa 
Khuen 15 Kham 

Duean 10 
26. U.Bhadrapada - - 
27. Revati - - 

Materials and Methods 

         First, we considered the days of the waxing moon 
in Khuen 15 Kham day of each months on Thai lunar 
calendar during 2011-2016 (at 00:00 UTC) [10-12]. The 
Buddhist holy days were compared with the day in solar 

calendar. Then, we find the celestial coordinates of the full 
moon of these days (phase have about 15) from 
ephemeris compared to celestial coordinates of the fixed 
stars in the lunar mansions by consideration from right 
ascension of the fixed star (ICRS coord. (ep=J2000)) [13]. 
Finally, nearby right ascension of fixed star with the 
position of completely full moon was the lunar mansion.  

Results and Discussion  

In 2011 to 2013, Khuen 15 Kham days of each 
months faster than the completely full moon (phases have 
about 15) about one day, the completely full moons were 
Raem 1 Kham day as present respectively in the Tables 4 
and 5. Then, the lunar mansions of the Buddhist holy days 
not match with the lunar mansions of the real full moon in 
2011. Although, the lunar mansions may match with 
Buddhist holy days but the moon not completely full. In 
2012, the lunar mansions obviously not match with the 
Buddhist holy days and the real full moon because this 
was an Adhikamasa year. Days of full moon shift the lunar 
mansion about two mansions. However, in 2013 the lunar 
mansions of the Buddhist holy days match with the lunar 
mansions of the real full moon again. Yet, the full moon 
days not match lunar mansions.  

  

Figure 2 Example presented Fixed Star 2 was Lunar 
mansions of the day because, nearby position of the moon 
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Table 4 Lunar mansions of the full moon each months and Buddhist holy days in 2011-2012 

 

Solar 
Calendar 

Thai Lunar Calendar Phase 
Age 

Apparent 
Nearby Star 

Lunar Mansions 
Buddhist 

Holy Days 
Annotation 

Kham Duean 
19-01-2011 Khuen 15 2 14.6 -Gem 7. Punarvasu - Common Year 
18-02-2011 Khuen 15 3 14.9 -Hya 9. Aslesa Magha Puja 
19-03-2011 Khuen 15 4 14.1 -Leo 10. Magha - 
20-03-2011 Raem 1 4 15.1 -Vir 12. Phalguni - 
18-04-2011 Khuen 15 5 14.4 -Vir 14. Citra - 
19-04-2011 Raem 1 5 15.4 -Boo 15. Svati - 
17-05-2011 Khuen 15 6 13.7 -Lib 16. Visakha Visakha Puja 
18-05-2011 Raem 1 6 14.7 -Sco 17. Anuradha - 
16-06-2011 Khuen 15 7 14.1 -Sco 19. Mula - 
17-06-2011 Raem 1 7 15.1 -Sgr 21. U. Asadha - 
15-07-2011 Khuen 15 8 13.6 -Sgr 21. U. Asadha Asadha Puja 
16-07-2011 Raem 1 8 14.6 -Aql 23. Dhanistha - 
14-08-2011 Khuen 15 9 14.2 -Del 23. Dhanistha - 
15-08-2011 Raem 1 9 15.2 -Del 23. Dhanistha - 
12-09-2011 Khuen 15 10 13.9 -Aqr  24. Satabhisa - 
13-09-2011 Raem 1 10 14.9 -Peg 25. Bhadrapada - 
12-10-2011 Khuen 15 11 14.5 -Peg 26. U. Bhadrapada - 
10-11-2011 Khuen 15 12 14.2 -Ari 1. Asvini - 
11-11-2011 Raem 1 12 15.2 41-Ari 2. Bharani - 
10-12-2011 Khuen 15 1 14.7 -Tau 4. Rhohini - 
08-01-2012 Khuen 15 2 14.2 -Ori  6. Ardra - Adhikamasa 

Year and  
Leap Year 

09-01-2012 Raem 1 2 15.2 -Gem 7. Punarvasu - 
07-02-2012 Khuen 15 3 14.7 -Gem 7. Punarvasu - 
07-03-2012 Khuen 15 4 14.1 -Leo 10. Magha Magha Puja 
08-03-2012 Raem 1 4 15.1 -Leo 10. Magha - 
06-04-2012 Khuen 15 5 14.4 -Crv 13. Hasta - 
07-04-2012 Raem 1 5 15.4 -Vir 14. Citra - 
05-05-2012 Khuen 15 6 13.7 -Vir 14. Citra - 
06-05-2012 Raem 1 6 14.7 -Boo 15. Svati - 
04-06-2012 Khuen 15 7 14 -Sco 18. Jyestha Visakha Puja 
05-06-2012 Raem 1 7 15 -Sco 19. Mula - 
03-07-2012 Khuen 15 8 13.4 -Sco 19. Mula - 
04-07-2012 Raem 1 8 14.4 -Sgr 21. U. Asadha - 
05-07-2012 Raem 2 8 15.4 -Aql 23. Dhanistha - 
02-08-2012 Khuen 15 88 13.8 -Aql 23. Dhanistha Asadha Puja 
03-08-2012 Raem 1 88 14.8 -Del 23. Dhanistha - 
01-09-2012 Khuen 15 9 14.3 -Aqr  24. Satabhisa - 
02-09-2012 Raem 1 9 15.3 -Peg 25. Bhadrapada - 
30-09-2012 Khuen 15 10 13.9 -Peg 26. U. Bhadrapada - 
01-10-2012 Raem 1 10 14.9 -Peg 26. U. Bhadrapada - 
30-10-2012 Khuen 15 11 14.5 -Ari 1. Asvini - 
28-11-2012 Khuen 15 12 14.1 28-Tau 3. Kittika - 
29-11-2012 Raem 1 12 15.1 -Tau 4. Rhohini - 
28-12-2012 Khuen 15 1 14.6 -Ori 6. Ardra - 
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Table 5 Lunar mansions of the full moon each months and Buddhist holy days in 2013-2014 

  
 

Solar Calendar 
Thai Lunar Calendar Phase 

Age 
Apparent 

Nearby Star 
Lunar Mansions 

Buddhist 
Holy Days 

Annotation 
Kham Duean 

26-01-2013 Khuen 15 2 14.2 -Gem 7. Punarvasu - Common Year 
27-01-2013 Raem 1 2 15.2 -Gem 7. Punarvasu - 
25-02-2013 Khuen 15 3 14.7 -Leo 10. Magha Magha Puja 
26-03-2013 Khuen 15 4 14.2 -Leo 10. Magha - 
27-03-2013 Raem 1 4 15.2 -Vir 12. U. Phalguni - 
25-04-2013 Khuen 15 5 14.6 -Vir 14. Citra - 
24-05-2013 Khuen 15 6 14 -Lib 16. Visakha Visakha Puja 
25-05-2013 Raem 1 6 15 -Sco 17. Anuradha - 
23-06-2013 Khuen 15 7 14.3 -Sco 19. Mula - 
24-06-2013 Raem 1 7 15.3 -Sgr 21. U. Asadha - 
22-07-2013 Khuen 15 8 13.7 -Sgr 21. U. Asadha Asadha Puja 
23-07-2013 Raem 1 8 14.7 -Aql 23. Dhanistha - 
21-08-2013 Khuen 15 9 14.1 -Del 23. Dhanistha - 
22-08-2013 Raem 1 9 15.1 -Del 23. Dhanistha - 
19-09-2013 Khuen 15 10 13.5 -Peg 25. Bhadrapada - 
20-09-2013 Raem 1 10 14.5 -And 26. U. Bhadrapada - 
19-10-2013 Khuen 15 11 14 -Psc 1. Asvini - 
20-10-2013 Raem 1 11 15 -Ari 1. Asvini - 
17-11-2013 Khuen 15 12 13.5 41-Ari 2. Bharani - 
18-11-2013 Raem 1 12 14.5 28-Tau 3. Kittika - 
17-12-2013 Khuen 15 1 14 -Tau 4. Rhohini - 
18-12-2013 Raem 1 1 15 -Ori  6. Ardra - 
15-01-2014 Khuen 15 2 13.5 -Gem 7. Punarvasu - Common Year 
16-01-2014 Raem 1 2 14.5 -Gem 7. Punarvasu - 
14-02-2014 Khuen 15 3 14.1 -Hya 9. Aslesa Magha Puja 
15-02-2014 Raem 1 3 15.1 -Leo 10. Magha - 
15-03-2014 Khuen 15 4 13.7 -Leo 10. Magha - 
16-03-2014 Raem 1 4 14.7 -Leo 10. Magha - 
14-04-2014 Khuen 15 5 14.2 -Crv 13. Hasta - 
15-04-2014 Raem 1 5 15.2 -Vir 14. Citra - 
13-05-2014 Khuen 15 6 13.7 -Vir 14. Citra Visakha Puja 
14-05-2014 Raem 1 6 14.7 -Boo 15. Svati - 
12-06-2014 Khuen 15 7 14.2 -Sco 17. Anuradha - 
13-06-2014 Raem 1 7 15.2 -Sco 19. Mula - 
11-07-2014 Khuen 15 8 13.7 -Sco 19. Mula Asadha Puja 
12-07-2014 Raem 1 8 14.7 -Sgr 21. U. Asadha - 
10-08-2014 Khuen 15 9 14.1 -Aql 23. Dhanistha - 
11-08-2014 Raem 1 9 15.1 -Del 23. Dhanistha - 
08-09-2014 Khuen 15 10 13.4 -Del 23. Dhanistha - 
09-09-2014 Raem 1 10 14.4 -Aqr  24. Satabhisa - 
10-09-2014 Raem 2 10 15.4 -Peg 25. Bhadrapada - 
08-10-2014 Khuen 15 11 13.7 -Peg 26. U. Bhadrapada - 
09-10-2014 Raem 1 11 14.7 -Pse  27. Revati - 
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Table 6 Lunar mansions of the full moon each months and Buddhist holy days in 2014-2015 

 
 
 
 
 
 
 

 
 
 
 
 
 

Solar 
Calendar 

Thai Lunar Calendar Phase 
Age 

Apparent 
Nearby Star 

Lunar Mansions 
Buddhist 

Holy Days 
Annotation 

Kham Duean 
06-11-2014 Khuen 15 12 13.1 -Ari 1. Asvini - Common Year 
07-11-2014 Raem 1 12 14.1 41-Ari 2. Bharani - 
08-11-2014 Raem 2 12 15.1 28-Tau 3. Kittika - 
06-12-2014 Khuen 15 1 13.5 -Tau 4. Rhohini - 
07-12-2014 Raem 1 1 14.5 -Tau 5. Mrgasira - 
04-01-2015 Khuen 15 2 12.9 -Ori  6. Ardra - Adhikamasa Year 
05-01-2015 Raem 1 2 13.9 -Gem 7. Punarvasu - 
06-01-2015 Raem 2 2 14.9 -Gem 7. Punarvasu - 
03-02-2015 Khuen 15 3 13.4 -Gem 7. Punarvasu - 
04-02-2015 Raem 1 3 14.4 -Hya 9. Aslesa - 
05-02-2015 Raem 2 3 15.4 -Leo 10. Magha - 
04-03-2015 Khuen 15 4 13 -Hya 9. Aslesa Magha Puja 
05-03-2015 Raem 1 4 14 -Leo 10. Magha - 
06-03-2015 Raem 2 4 15 -Leo 10. Magha - 
03-04-2015 Khuen 15 5 13.6 -Leo 11. Phalguni - 
04-04-2015 Raem 1 5 14.6 -Crv 13. Hasta - 
02-05-2015 Khuen 15 6 13.2 -Vir 14. Citra - 
03-05-2015 Raem 1 6 14.2 -Vir 14. Citra - 
04-05-2015 Raem 2 6 15.2 -Boo 15. Svati - 
01-06-2015 Khuen 15 7 13.8 -Lib 16. Visakha Visakha Puja 
02-06-2015 Raem 1 7 14.8 -Sco 17. Anuradha - 
30-06-2015 Khuen 15 8 13.4 -Sco 18. Jyestha - 
01-07-2015 Raem 1 8 14.4 -Sco 19. Mula - 
02-07-2015 Raem 2 8 15.4 -Sgr 21. U. Asadha - 
30-07-2015 Khuen 15 88 13.9 -Sgr 21. U. Asadha Asadha Puja 
31-07-2015 Raem 1 88 14.9 -Aql 23. Dhanistha - 
29-08-2015 Khuen 15 9 14.4 -Del 23. Dhanistha - 
30-08-2015 Raem 1 9 15.4 -Del 23. Dhanistha - 
27-09-2015 Khuen 15 10 13.7 -Peg 25. Bhadrapada - 
28-09-2015 Raem 1 10 14.7 -And 26. U. Bhadrapada - 
27-10-2015 Khuen 15 11 14 -Psc 1. Asvini - 
28-10-2015 Raem 1 11 15 -Ari 2. Bharani - 
25-11-2015 Khuen 15 12 13.3 41-Ari 2. Bharani - 
26-11-2015 Raem 1 12 14.3 -Tau 4. Rhohini - 
27-11-2015 Raem 2 12 15.3 -Tau 5. Mrgasira - 
25-12-2015 Khuen 15 1 13.6 -Ori 5. Mrgasira - 
26-12-2015 Raem 1 1 14.6 -Gem 7. Punarvasu - 
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Table 7 Lunar mansions of the full moon each months and Buddhist holy days in 2016 

Tables 5-7 presented Khuen 15 Kham day of each 
months in 2014 - 2016 faster than the completely full 
moon (phases have about 15) about 1-2 days. This can be 
seen that in 2014, a day of full moon shift to the lunar 
mansion about one mansion like in common year. In later 
year it shifted about two mansions. Enter to 2015, which 
was an Adhikamasa year and 2016, which was an 
Adhikavara year, the moon fully appeared. Therefore it 
match with Raem 2 Kham day instead. This makes 
Buddhist holy days may not match with Lunar Mansions at 
the real full moon. When adjusted the day in 7th-month 
(Adhikavara year) of 2016 since 8th-month onwards Khuen 
15 Kham day will match on the day that the moon are 
completely full. Nevertheless the lunar mansions may not 
match completely full moon. However, the position of the 
full moon missed the lunar mansions approximately one 
day, it was an acceptable value (over just one mansion 
[5,7]). 

 
 

Conclusions 

       In the common year before an Adhikamasa year, 
Khuen 15 Kham days in the Thai Lunar calendar will faster 
than the day of the real full moon in average about one 
day. Therefore it effects in an Adhikamasa year which the 
moon is full in the Buddhist holy days but may not match 
with the lunar mansions. After an Adhikamasa year is       
a common year, the lunar mansions of the Buddhist holy 
days return to match again. But not match on the day with 
the moon completely full. Nevertheless when enter to an 
Adhikavara year, Khuen 15 Kham days return to match on 
the day with the moon completely full but may not match 
with the lunar mansions of full moon. 
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Solar Calendar 
Thai Lunar Calendar Phase 

Age 
Apparent 

Nearby Star 
Lunar Mansions 

Buddhist 
Holy Days 

Annotation 
Kham Duean 

23-01-2016 Khuen 15 2 12.9 -Gem 7. Punarvasu - Adhikavara Year and  
Leap Year 24-01-2016 Raem 1 2 13.9 -Gem 7. Punarvasu - 

25-01-2016 Raem 2 2 14.9 -Hya 9. Aslesa - 
22-02-2016 Khuen 15 3 13.4 -Hya 9. Aslesa Magha Puja 
23-02-2016 Raem 1 3 14.4 -Leo 10. Magha - 
24-02-2016 Raem 2 3 15.4 -Leo 11. Phalguni - 
22-03-2016 Khuen 15 4 12.9 -Leo 10. Magha - 
23-03-2016 Raem 1 4 13.9 -Vir 12. U. Phalguni - 
24-03-2016 Raem 2 4 14.9 -Crv 13. Hasta - 
21-04-2016 Khuen 15 5 13.5 -Vir 14. Citra - 
22-04-2016 Raem 1 5 14.5 -Boo 15. Svati - 
20-05-2016 Khuen 15 6 13.2 -Boo 15. Svati Visakha Puja 
21-05-2016 Raem 1 6 14.2 -Lib 16. Visakha - 
22-05-2016 Raem 2 6 15.2 -Sco 17. Anuradha - 
19-06-2016 Khuen 15 7 13.9 -Sco 18. Jyestha - 
20-06-2016 Raem 1 7 14.9 -Sco 19. Mula - 
19-07-2016 Khuen 15 8 14.5 -Sgr 21. U. Asadha Asadha Puja 
18-08-2016 Khuen 15 9 15.1 -Del 23. Dhanistha - 
16-09-2016 Khuen 15 10 14.6 -Aqr  24. Satabhisa - 
16-10-2016 Khuen 15 11 15 -Pse  27. Revati - 
14-11-2016 Khuen 15 12 14.3 41-Ari 2. Bharani - 
15-11-2016 Raem 1 12 15.3 28-Tau 3. Kittika - 
14-12-2016 Khuen 15 1 14.5 2-Ori 5. Mrgasira - 
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Abstract 
This paper describes observations of geostationary satellite Thaicom series with 0.7 m telescope at Inthanon Mt., 

Chaingmai, Thailand. Observation took place 1-2 nights. Three-frame was done for each set and 3 sets were preceded for 
each satellite. Then the astrometry technique; LPSR (Least Square Plate Reduction) was used to get object coordinate in order 
to compare with well-known reference stars in catalogs that we programed on astrometry.net and read file on xparallax VIU. 
These results can be used to calculate angular velocity and to predict for some of orbital parameter of each satellite, there are 
period and semi-major axis. Which can classify data into 2 groups are de-orbit satellite and active satellite.  

 
Keywords: Thaicom, Geostationary satellite, Astrometry 
 
Introduction  
 Geostationary satellite is the satellite moves from 
west to east with a velocity such that it remains stationary 
with respect to a point on the Earth which have and 
equatorial circular orbit [1].  
 Thailand is also the owner of communication 
geostationary satellite, which is Thaicom series satellite. 
Mindful of the growing population and business base, 
Thailand has the satellite communication program, 
“Thaicom”, which established and launched the first 
satellite “Thaicom1” on 17 December 1993, locating at 
latitude 78.5 ° East. After that they developed and 
launched more 7 satellites, which are Thaicom2, 
Thaicom3, Thaicom4 (change the name to IPstar), 
Thaicom5, Thaicom6, Thaicom7 (Asiasat6) and the newest 
Thaicom8 (Launch in 2016). 
 Since satellite need to consume energy for working, 
it must have expired date. In that time, it will be moving 
freely like a space debris that is very harmful to another 
active satellite. As the result, The U.S. Federal 
Communications Commission (FCC) ruled that all U.S.-
licensed satellites launched after March 18, 2002, have to 
be placed into graveyard orbits between 200 and 300 
kilometers above the geostationary arc. The ruling was 
published and set a regulatory standard [3]. However, the 

space debris keep increasing. Therefore, the space 
awareness become more important.  
 There are many methods for tracking satellite or 
space debris. One of them is optical ground base satellite 
tracking. In this paper we used 0.7 m telescope at 
Inthanon Mt., Chaingmai, Thailand.  With CCD camera to 
track Thaicom satellite series.  
 

Materials and Methods 
Observation and Data Analysis  

In this observation we plan to track satellite by 
receiving satellite’s coordinate from Two-line element 
(TLE) database in Celestrak website. Then 0.7 m 
Telescope and CCD camera was used to capture the 
images of satellites with very short exposure time (0.5 s) 
for three frame per each set.   

Then the astrometry technique; LPSR (Least Square 
Plate Reduction) was used to get object coordinate in 
order to compare with well-known reference stars in 
catalogs that we programed on astrometry.net and read 
file on xparallax VIU. (shown in Figure 1) Then we will 
have the Right Ascension (RA) and Declination (Dec) of 
each frame. 
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Figure 1 Astrometry picture of Asiasat 6 Satellite (in red 
circle) and the green one is reference star. 
 

Results and Discussion 
These results can be used to calculate angular 

velocity ( ) with the following formula. 
 

          
t








  (1) 

 
Table 1 Angular velocity. 

Name  (rad/s) 
Thaicom 1 7.254E-05 
Thaicom 2 7.194E-05  
Thaicom 3 
IPstar (Thaicom 4) 
Thaicom 5 
Thaicom 6 
Asiasat 6 (Thaicom 7) 

7.162E-05  
7.283E-05 
7.293E-05 
7.276E-05 
7.297E-05 

 
And we can express period of satellite (P) in term of 

angular velocity.  
 

     2
P




   (2) 

 
As the result, we obtain orbital periods for all satellites in 
Thaicom series as shown in Table 2. 
 

Table 2 Orbital Period. 

Name Pcalculate  

(mins) 

Pdatabase 
(mins) 

%error 

Thaicom 1 1443.54 1451.8 0.57 
Thaicom 2 1455.75 1446 0.67 
Thaicom 3 1462.08 1458.2 0.27 
IPstar 1437.84 1436.1 0.12 
Thaicom 5 1435.82 1436.1 0.02 
Thaicom 6 1439.13 1436.1 0.21 
Asiasat 6 1435.06  1436.1 0.07 

 
Next, we used Kepler’s Third Law to calculate the 

semi-major axis (a). 
 

    2 3
2 4 r

P
GM




  (3) 

 
Where P is Period (sec), r is distance from center of 

earth to satellite, G is Universal Gravitational Constant 
(6.67259×10-11 m3kg-1s-2, [2]) and M is mass of the earth 
(5.974x1024 kg, [2]). 

Because all of Thaicom satellite are geostationary 
satellite, we assume that they have circular orbital, which 
means r=a. 

 
    2 3

2 4 a
P

GM




  (4) 

 
Therefore, we can rewrite the equation as following and 
the result are shown in Table 3. 
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3
24

GMP
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  (5) 

 
Table 3 Semi-major axis. 

Name acalculate 
(km) 

adatabase 
(km) 

%error 

Thaicom 1 42311.09 42471.00 0.38 
Thaicom 2 42549.24 42358.00 0.45 
Thaicom 3 42672.49 42596.00 0.18 

IPstar 42199.47 42164.00 0.08 
Thaicom 5 42160.03 42164.00 0.01 
Thaicom 6 42224.83 42164.00 0.14 
Asiasat 6 42145.13 42164.05 0.04 

 
According to result in Table 2 we can see that all of 

satellites have very similarly orbital period. However, 
Thaicom 1, 2 and 3 have period time a little longer 
because their status is de-orbited satellite or expired. The 
result in Table 3 show that Thaicom 1, 2 and 3 have 
longer semi-major axis (~200-300 km) which can imply 
that they were ejected to higher orbit before runing out of 
energy due to FCC rule. 
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Conclusions  
 Regarding to the result of astrometry for Thaicom 
satellite series, we can notice that there are 2 groups that 
are de-orbited satellites. They have longer orbital period 
and semi-major axis due to the ejection to higher orbit 
before its fuel run out. They are including Thaicom 1, 2, 3, 
and the rest are active satellites. Some remarkable active 
satellite properties (angular velocity, orbital period and 
semi-major axis) are very similar to each other. This 
means that the velocities are still in controlled. Therefore, 
they remain stationary with respect to a point on the Earth. 
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Abstract 

Nested model simulations were performed using the Weather Research and Forecasting (WRF) model (v. 3.6) ran in 

the High-Performance Computer (HPC) cluster of the National Astronomical Research Institute of Thailand (NARIT) for northern 

Thailand (2 km spatial resolution and hourly output), for the whole of Thailand (10 km spatial resolution and hourly output), and 

for the entire Southeast Asia (50 km spatial resolution and 3-hourly output).  Combinations of the WRF Single-Moment 3-class, 

the WRF Single-Moment 5-class, the Lin et al. (Purdue), the WRF Single-Moment 6-class and the WRF Double-Moment 6-class 

microphysics parameterization schemes, as well as the Betts-Miller-Janjic, the Kain-Fritsch scheme, the Grell-Freitas (GF) 

ensemble and the Grell 3D cumulus parameterization schemes were utilized to determine the optimum microphysics and 

convective parameterization of the model when compared to observations at the Lampang Rajabhat University (LPRU) during 

the hot dry season from May 1-16, 2015.  Using metrics such as the bias, mean abosolute error, root-mean-square error, 

correlation coefficient and the slope showed that the Lin et al. (Purdue) microphysics scheme combined with the Betts-Miller-

Janjic convective parameterization was optimum for the 2 km, 10 km and 50 km resolution. 

 

Keywords: Microphysics, Convection, WRF model 

 
Introduction 

In numerical weather prediction (NWP), physical 

laws of motion and conservation of energy that govern the 

evolution of the atmosphere (the dynamics) can be written 

into mathematical equations that can be solved 

numerically.  For example, 

                           
)(Af

t

A






                         (1) 

where 
t

A




is the change in a forecast variable, A, at a 

particular point in space with respect to time, t, and f (A) 

describes the physical processess that can cause changes 

in the forecast variable. Values of meteorological variables 

later in time are calculated by finding their initial values 

and then adding the physical forcing, f (A), that acts on the 

variables during the forecast period. This can be 

mathematically represented as, 



A forecast  Ainitial  f (A)t       (2) 

with the actual equations used are called the primitive 

equations. These equations dictate the forces or dynamics 

that give movement to air.  It includes thermodynamic 

changes occurring in the atmosphere calculated from 

momentum, mass, energy and moisture conservation laws.  

Equally essential are: processes that occur at scales 

smaller than the model can resolve; energy, water and 

momentum exchanges between the atmosphere and other 

sources such as land, ocean and solar radiation; and 

cloud and precipitation physics.  In NWP, the atmosphere 

is divided into smaller grid boxes (the size of which is 

called model resolution) where all these processes are 
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calculated over an area which the model runs called the 

model domain [1].  

          NWP models are usually driven by coarse spatial 

resolution (e.g. 1o x 1o) global climate models that are 

unable to resolve sub-grid scale features (i.e. clouds, 

topography, etc.). In order to perform regional and local 

impact studies, downscaling has to be performed. One 

form is dynamical downscaling, where output from the 

coarse resolution model is used to drive a higher spatial 

resolution model. One such model which can perform 

dynamical downscaling is the Weather Research and 

Forecasting (WRF) model. This is used in this study. 

 

 

 

 

Figure 1 Some of the atmospheric processes parameterized by NWP models

1. Model Parameterizations 

          However, even when dynamical downscaling is 

performed, there are still small-scale atmospheric 

processes that NWP models cannot resolve. The model 

must therefore account for the aggregate effects of these 

small-scale processes. This is called parameterization.  

Figure 1 shows some of the physical processes that are 

typically parameterized by models. NWP models for the 

tropics are quite sensitive to two typical parameterization 

schemes [2].  These are the cumulus parameterizations 

and the microphysics parameterizations.  Model output 

sensitivity tests on these two parameterization schemes 

are therefore necessary before making operational 

products. 

 

1.1 Microphysics Parameterization Schemes 

         Microphysics refers to the amount, type, processes 

(e.g. phase changes) and interaction between different 

condensates or hydrometeors (e.g. water vapor, cloud, 

rain, etc.). One of the pioneering researches on 

microphysics in NWP was conducted by Kessler in the 

1950’s wherein distributions of water vapor, cloud, rain 

and snow were studied in relation to air circulation.  The 

microphysics processes implemented by this scheme are 

the following: the production, fall and evaporation of rain; 

the accretion and autoconversion (collision-coalescence) 

of cloud water; and the production of cloud water from 

condensation [3]. Some of the microphysics schemes used 

by models are the following (illustrated in Figure 2): 
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WRF Single-Moment 3-class, WSM3 (mp3) 

         This microphysics parameterization is based on 

Hong, Juang and Zhao in 1998 and revisions done by 

Hong, Dudhia and Chen in 2004.  Similar to the scheme 

presented by Kessler, this scheme also uses three 

categories of hydrometeors, namely water vapor, cloud 

water/ice, and rain/snow.  Cloud water and cloud ice, as 

well as rain and snow, are distinguished by temperature, 

with cloud ice and snow existing when the temperature is 

less than or equal to freezing point [4,5].  This is also a 

single-moment scheme, meaning that only the total mixing 

ratios of the condensates are modeled. 
 

WRF Single-Moment 5-class, WSM5 (mp4) 

       This scheme is similar to WSM3, except that cloud 

water and cloud ice, as well as rain and snow, are in 

different categories.  It allows the existence of supercooled 

water and the gradual melting of snow to rain as it travels 

towards the surface (mixed phase processes). 
 

Lin et al. (Purdue) (mp2) 

        This microphysics scheme utilizes six categories of 

hydrometeors.  These are water vapor, cloud water, cloud 

ice, rain, snow and graupel (also called soft hail, snow 

pellets or grail).  The production terms are based on Lin et 

al. (1983) [6] and Rutledge and Hobbs (1984) [7] with 

modifications including saturation adjustment, in reference 

to the work of Tao in 1989 [8], and ice sedimentation.  

The scheme is taken from the Purdue cloud model as 

discussed in Chen and Sun [9]. 
 

WRF Single-Moment 6-class, WSM6 (mp6) 

         This scheme is similar to WSM5, with the inclusion 

of graupel as another modeled variable [10]. 

 

WRF Double-Moment 6-class, WDM6 (mp16) 

         This is a double-moment scheme version of WSM6.  

Double-moment includes the modeling of the number 

concentration of the condensates. 

1.2 Convective or Cumulus Parameterization Schemes 

         Convective or cumulus parameterization pertains to 

mass-flux type schemes which consider updrafts and 

compensating subsidence as well as downdrafts, vertical 

momentum transports, entrainment and detrainment.  It 

also reduces thermodynamic instability to prevent 

unrealistic convection by redistributing temperature and 

moisture throughout a grid column.  One of the first 

convective schemes is the one developed by Kuo in 1975.  

It is a simple cumulus parameterization scheme by 

simulating the ascent of an air parcel by adjusting 

temperature and moisture profiles toward moist adiabatic 

[11].  

 

 

 

Figure 2 Microphysics Parameterization Schemes.  Mixing 

ratios Qv (water vapor), Qc (cloud water), Qi (cloud ice), 

Qr (rain), Qs (snow) and Qg (graupel) are modeled (Image 

courtesy of Jimy Dudhia). 

 

      Some of the convective or cumulus parameterizations 

used by models are the following: 
 

 

 



246                                              Physics for Innovation and Creative Society 

  
 
Betts-Miller-Janjic, BMJ (cu2) 

       This convective scheme is more complex than the 

Kuo scheme. It adjusts the profiles toward a pre-

determined, post-convective reference profile derived from 

climatology [12, 13]. Janjic in 1990, 1994 and 2000 made 

modifications to this scheme by introducing “cloud 

efficiency” in determining target profiles of heat and 

moisture [14, 15, 16]. 
 

Arakawa-Schubert, AS (cu4) 

        This scheme includes the effects of moisture 

detrainment from convective clouds, warming from 

environmental subsidence, and convective stabilization in 

balance with the large-scale destabilization rate [17]. 
 

Kain-Fritsch, KF (cu1) 

        This cumulus parameterization scheme redistributes 

mass in the grid column such that the convective available 

potential energy (CAPE) is consumed [18, 19, 20]. 
 

Grell-Freitas, GF (cu3) 

        This scheme is based on a stochastic approach 

originally implemented by Grell and Devenyi in 2002 [21]. 

Two approaches were tested on resolutions ranging from 

20 km to 5 km. One approach is based on spreading 

subsidence to neighboring grid points, the other one on a 

recently introduced method by Arakawa et al. in 2011 [22] 

in unifying multiscale modeling of the atmosphere [23]. 
 

Grell-3D, G3 (cu5) 

         This cumulus scheme is based on Grell and 

Devenyi [21] and Grell and Freitas [23] but includes cloud 

and ice detrainment. 
 

1.3 Related Studies in the Southeast Asian Domain 

        Chotamonsak et al. in 2012 [24], evaluated the WRF 

model for regional climate applications over Thailand, 

focusing on simulated precipitation using various 

convective parameterization schemes available in WRF.  

In his study, boundary conditions were obtained from the 

NCEP/NCAR reanalysis data utilized for simulations at the 

60-km model resolution parent domain encompassing 

Southeast Asia and some portions of India and China.  A 

nested domain with 20-km model resolution was used for 

Thailand. Four convective parameterization schemes 

(BMJ, Grell-Devenyi, improved Grell-Devenyi and KF) 

were utilized in the study for the year 2005.  Sensitivity to 

analysis nudging, which pertains to relaxing the model 

towards the boundary conditions, was also performed in 

this study.  Results were evaluated against station rain 

data from the Thai Meteorological Department and gridded 

precipitation data from the Climatic Research Unit of the 

University of East Anglia.  In general, the simulations with 

analysis nudging and BMJ cumulus parameterization 

yielded the smallest bias relative to observations. 

         Also in 2014, Raktham et al. [25] assessed the 

WRF model’s ability to simulate major weather 

phenomena such as dry conditions, tropical cyclones and 

monsoonal flows over East and Southeast Asia.  KF and 

BMJ cumulus parameterizations as well as Lin et al. 

(Purdue), WSM3, WSM6 and Thompson microphysics 

schemes were used to assess the parameterization 

sensitivity.  Sensitivity to the placement of the boundary 

conditions was also assessed.  The simulations utilized a 

36-km model resolution with 51 vertical levels.  Results 

showed that dry conditions showed little sensitivity to 

configuration combinations, while the tropical cyclone 

cases showed high sensitivity to convective 

parameterizations and low sensitivity to microphysics 

schemes.  Monsoonal flows, on the other hand, showed 

significant sensitivity to the placement of the boundary 

conditions. 

 

Materials and Methods 

Model Domain, Spatial and Temporal Resolution, and 

Temporal Coverage 
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        The Weather Research and Forecasting model 

(version 3.6) was run on the high performance computing 

(HPC) cluster of the National Astronomical Research 

Institute of Thailand (NARIT).  The HPC has a total of 5 

compute nodes with 16 cores each totaling to 80 cores 

reaching a maximum speed of 2.26 teraflops.  Message 

passing interface (MPI) was the protocol used to run WRF 

in parallel computing mode.  In this work, it was found that 

the optimum number of cores was 8 and this configuration 

was used for simulations in the model domain as shown in 

Figure 3. The lateral boundary conditions, which include 

some parts of India, East Asia and Australia were taken 

from the National Centers for Environmental Prediction 

(NCEP) Final (FNL) Operational Global Analysis data 

(http://rda.ucar.edu/datasets/ds083.2/index.html#! 

description) 

         The FNL data are on a 1o x 1 o grid prepared 

operationally every 6-hours. The parent domain is situated 

in most of Southeast Asia having a 50-km model  

resolution with output every 3 hours. The second inner  

domain is placed over Thailand including some 

surrounding regions having a grid size of 10 km with 

hourly model output.  The innermost domain is focused 

over northern Thailand with a resolution of 2-km and 

having model output every hour.  Since the innermost 

domain has a convection resolving grid size (less than 

approximately 5 km), no cumulus parameterization 

scheme was used for this region. 

        Northern Thailand has three official seasons 

encompassing approximately four months each.  However, 

due to the limitations in memory of the NARIT HPC and 

due to the observations available from the Thai 

Meteorological Department (TMD), only representative 

days at particular months and at a specific year were 

chosen for each season.  The cool dry season, which 

officially begins in November and runs through February; 

the hot dry season, which ranges from March to June; and 

the wet season, which runs from July to October.  In this 

study, only the hot dry season was modeled using 

representative dates from May 1-16, 2015 (with a 3-day 

model spin-up time from April 29-31, 2015).  These dates 

were also chosen based on the average temperature and 

precipitation of that year. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 The model domain, spatial and temporal resolution and the temporal coverage used in this study 
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Parameterizations  

The microphysics (mp) and convective (cu) 

parameterization combinations used in the sensitivity study 

are summarized in Table 1.  mp3cu1 are the default WRF 

parameterizations and mp2cu2 provided the smallest bias 

when compared to observations in Thailand [23] and in 

Southeast Asia [24]. 
 

Validation Site and Performance Metrics 

        The location of the validation site is illustrated in 

Figure 4. Summarized in Table 2 are the metrics used to 

assess the performance of the model after comparing with  

the observations. ym is the model output, yo is 

theobservation, yo, mean is the mean of the observations and 

N is the total number of data points. Temperature, 

pressure and relative humidity were the only 

meteorological parameters used in calculating for the 

metrics during the hot-dry season since there was no rain 

data during this period.  Wind speed and wind direction 

were excluded in the calculation of the metrics since the 

wind observations were located inside the urban canopy.  

However, the model configuration used did not include 

urban surface physics.   

 

 

 

Table 1 Parameterization combinations used. 

 

 

 

 

 

 

 

 

 

 

Figure 4 Validation site located at the Lampang Rajabhat University in Northern Thailand

 

Cumulus 

 

 

Microphisics 

WRF 

Single-

Moment 3-

class, 

WSM3 

(mp3) 

WRF Single-

Moment 5-

class, 

WSM5 

(mp4) 

Lin et al. 

(Purdue) 

(mp2) 

WRF single- 

Moment 6-

class, WSM6 

(mp6) 

WRF Double-

Monent 6-

class, WDM6 

(mp16) 

Betts-Miller-Janjic, BMJ (cu2)   X   

Kain-Fritsch KF (cu1) X X X X X 

Grell-Freitas, GF (cu3)  X X X X 

Grell-3D G3 

(cu5) 
 X X X X 
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Table 2 Performance Metrics 

 

Results and Discussion 

        After the model was run using the different 

parameterization combinations, the total model 

performance metric was calculated by first calculating the 

bias, MAE, RMS, corr and slope of each meteorological 

parameter (i.e. temperature, pressure and humidity) with 

respect to the observations.  In order to determine the 

overall model performance, these metrics would have to 

be combined.  Since the bias, MAE and RMS have units, 

they cannot be added right away to the correlation and 

slope.They are then made unitless by dividing the bias, 

MAE and RMS by their respective observation means.  

They then added to 1-corr and to |1-slope| and the 

average was calculated.  This is the total model 

performance or TMP. It ranges from 0 to 1 with 0 

indicating that the model output value is close the 

observations and 1 indicating that the model output value  

 

 

 

 

 

is far from observations.  Table 3 shows the different 

model performance metrics.  Calculations showed that for 

the hot-dry season in Lampang, Northern Thailand, the Lin 

et al. (Purdue) microphysics scheme combined with the 

Betts-Miller-Janjic convective parameterization was 

optimum for the 2 km, 10 km and 50 km resolution.  

The time-series and correlation plots for the optimum 

parameterization schemes mentions are shown in Figures 

5 and 6, respectively. The Lin et al. (mp2) and Betts-

Miller-Janjic, BMJ (cu2) parametrization combination was 

optimum for the hot-dry season in LPRU, Northern 

Thailand due to the seasonal presence and abundance of 

the hydrometeor classes, as well as to the type of 

convective processes that occur during this season.  This 

will be investigated further by comparing the hydrometeor 

vertical profiles from the model output with available 

observations. 

 

Metric Equation 

Bias ∑(𝑦𝑚 − 𝑦𝑜)

𝑁
 

Mean Absolute Error, 

MAE 
∑|𝑦𝑚 − 𝑦𝑜|

𝑁
 

Root-Mean-Square Error, 

RMS √
∑(𝑦𝑚 − 𝑦𝑜)2

𝑁
 

Correlation Coefficient, 

corr 
Pearson product-moment 

Slope, slop Linear Regression 

Total Model Performance, 

TMP 

      (
𝑀𝐴𝐸 + 𝑅𝑀𝑆

𝑦𝑜̅̅̅ + (1 − 𝑐𝑜𝑟𝑟)) + |1 − 𝑆𝑙𝑜𝑝𝑒|

4
⁄  
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Table 3 Performance Metrics for Each Parameterization Combination.  The red fonts indicate the best values while the 

highlighted row indicated the best total model performance.

 

 

 

 

 

 

 

 

Figure 5 Time series plots of modeded (red) and measured (blue) temperature, pressure and relative humidity for 2, 10 and        

50 km at the LPRU observation site using the Lin et al. (Purdue) microphysics scheme combined with the Betts-Miller-Janjic 

convective parameterization. 

 

 

Parameterizations 
2 km 10 km 50 km 

bias mae RMS Corr slop TMP bias mae RMS Corr slop TMP bias mae RMS Corr slop TMP 
mp2cu1 -0.16 0.16 0.10 0.36 0.14 0.19 -0.16 0.16 0.10 0.35 0.14 0.19 -0.14 0.14 0.09 0.33 0.03 0.15 

mp2cu2 -0.09 0.09 0.06 0.15 0.09 0.07 -0.09 0.09 0.06 0.16 0.07 0.10 -0.09 0.09 0.06 0.14 0.16 0.11 

mp2cu3 -0.16 0.16 0.11 0.33 0.14 0.18 -0.17 0.17 0.10 0.32 0.13 0.18 -0.15 0.15 0.10 0.30 0.09 0.16 

mp2cu5 -0.15 0.15 0.10 0.34 0.18 0.19 -0.16 0.16 0.10 0.33 0.18 0.19 -0.14 0.14 0.09 0.30 0.07 0.15 

mp3cu1 -0.14 0.14 0.09 0.30 0.02 0.13 -0.15 0.15 0.09 0.30 0.01 0.14 -0.13 0.13 0.09 0.31 0.05 0.14 

mp4cu1 -0.16 0.16 0.10 0.26 0.07 0.14 -0.16 0.16 0.10 0.26 0.05 0.15 -0.14 0.14 0.10 0.245 0.15 0.16 

mp4cu3 -0.17 0.17 0.11 0.35 0.14 0.19 -0.18 0.18 0.11 0.34 0.14 0.19 -0.16 0.16 0.10 0.31 0.07 0.16 

mp4cu5 -0.16 0.16 0.10 0.37 0.19 0.20 -0.16 0.16 0.10 0.36 0.18 0.20 -0.14 0.14 0.10 0.33 0.12 0.17 

mp6cu1 -0.16 0.16 0.10 0.24 0.12 0.15 -0.17 0.17 0.10 0.34 0.10 0.16 -0.15 0.15 0.10 0.22 0.20 0.16 

mp6cu3 -0.17 0.17 0.11 0.33 0.08 0.17 -0.18 0.18 0.12 0.32 0.08 0.17 -0.15 0.15 0.10 0.29 0.02 0.14 

mp6cu5 -0.16 0.16 0.11 0.36 0.19 0.20 -0.17 0.17 0.10 0.35 0.20 0.20 -0.14 0.14 0.10 0.32 0.10 0.16 

mp16cu1 -0.16 0.16 0.10 0.27 0.08 0.15 -0.16 0.16 0.10 0.27 0.07 0.15 -0.15 0.15 0.10 0.27 0.13 0.16 

mp16cu3 -0.16 0.16 0.10 0.30 0.05 0.15 -0.17 0.17 0.10 0.29 0.06 0.16 -0.15 0.15 0.10 0.23 0.01 0.13 

mp16cu5 -0.16 0.16 0.10 0.36 0.20 0.20 -0.16 0.16 0.10 0.35 0.20 0.20 -0.14 0.14 0.10 0.33 0.11 0.17 
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Figure 6 Correlation plots between modeded (x-axis) and measured (y-axis) temperature, pressure and relative humidity for     

2, 10 and 50 km at the LPRU observation site using the Lin et al. (Purdue) microphysics scheme combined with the            

Betts-Miller-Janjic convective parameterization. 

 

Conclusions 

         A sensitivity analysis was performed on the 

microphysics and the cumulus/convective parameterization 

schemes of the Weather Research and Forecasting model 

for the Lampang Rajabhat University weather station in 

Northern Thailand.  After comparison of the model output 

with observations, the optimum microphysics and cumulus 

parameterization schemes are Lin et al. (mp2) and Betts-

Miller-Janjic, BMJ (cu2), respectively. 
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Abstract 
The mass of supermassive black holes (SMBHs) of high redshift (z) quasars is crucial for understanding SMBH-galaxy  

coevolution. The traditional method, spectroscopic reverberation mapping (SRM), would fail for most high-z quasars and is  
inefficient for a large quasar sample. Photometric reverberation mapping (PRM) has been recently proposed in order to utilise the 
up-coming high cadence, large sky coverage and deep photometric survey of the next generation large telescopes such as LSST. 
Such method is akin to the well established photometric redshift technique employed by cosmological community. This work is 
observational campaign at the 2.4m Thai National Telescope (TNT) to provide a proof-of-concept for such a technique. Our 
campaign aims to determine the size of Broad Line Region (BLR) around 10-15 high-z quasars which is essential to determine 
the central SMBH mass. The quasar sample used in our study was selected from SDSS-III BOSS in the sky regions accessible 
by the TNT during Thai dry season (November - April). The SDSS spectra were used to select spectroscopically confirmed quasars 
with redshift 0.8 ≤ z ≤ 1.2. Furthermore, we used the spectral Radius-Luminosity (R-L) relation calibrated from low-z AGNs to 
select quasars with BLR size ≤ 60 light-day suitable for the length of TNT observing season. There are 10 quasars totally with 
the most frequency as possible as. 

 

Keywords: AGNs, Quasars, Reverberation mapping, SMBHs 
 

 
Introduction  
 A supermassive black hole (SMBH) at the centre of 
galaxy is the principle engine that makes a nucleus of galactic 
powered high energy. Then called, active galactic nuclei 
(AGNs), which is classified in many types depends on their line-
of-sight and accretion rate. However, without gas surrounding 
a SMBH, it cannot accrete and is said not to be in an active 
state. That is supposed, not all galaxy in the universe is AGN 
even there is a SMBH lies at their centre. 
 Gas surrounding the SMBH is attracted by the      
gravitational force. The gas accreted by the SMBH will orbit like 
a disk before fall into it, caused by conservation of their   
angular momentum. That is called, an accretion disk, which is 
the main energy source of AGNs. 
 The energy from inner region (an accretion disk) is 
transfer to the outer region (broad line region: BLR). That 
makes the light from BLR has a lag time from an accretion disk. 
Thus, the size of BLR can determines from the light travel time 
from inner to outer region. 

 Many evidences that support, there is the coevolution 
between SMBHs and their host galaxies [2]. For very distance 
galaxy, objects are easily detected if they are quasars (quasi 
stellar radio sources). Quasars is the most common types of 
AGNs. That is the reason why we interested quasars in order 
to study the SMBH-galaxy coevolution, creating mass-function. 
Consequently, estimation mass of SMBHs in high-redshift (z) is 
crucial. 
 The mass of SMBH is determines by Virial theorem         
[3, 5-7] as shown in an Equation (1) 

           𝑀𝐵𝐻 =
𝑓𝑣2𝑅𝐵𝐿𝑅

𝐺
                    (1) 

where 𝑓 is geometrical factor for virialized motion (the motion 
under gravitational influence dominated), 2ν is velocity 
dispersion of gas in the BLR, and RBLR is the radius of BLR 
which is determines from reverberation mapping technique. 
 The most reliable method to measure the RBLR of SMBHs 
in quasars is spectroscopic reverberation mapping (SRM). 
Although, SRM gives quite precisely value when compared to 
others, it would failed for SMBHs in high-z quasars and 
inefficient for a large quasar sample.  
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 Photometric reverberation mapping (PRM) has been 
proposed in order to estimate the RBLR of SMBHs [1]. Using 
broad photometric observation instead of spectrally separating 
line and continuum light curves from multi-epoch spectroscopic 
observations is more convenient. We take advantage of the 
different variability properties of continuum and line processes 
and separate them at the light curve level. For z=1-2, the 
quasar broad emission line is conveniently located in the optical 
filter bands which allows one to separate the band which 
contain the emission lines from those that only has the flux 
contribution coming from only the continuum. Mostly use MgII 
(2800 Å) and CIV (1549 Å) broad emission line. 
  
Materials and Methods 

Data selection and data reduction  
For quasars data selection, there are steps following: 
1. Select spectroscopically confirmed quasars in the sky 

regions accessible by Thai National Telescope (TNT) from 
Sloan Digital Sky Survey (SDSS) DR10 defined the coordinate 
as RA : 1-4 and 8-14 hours, DEC : 0-40°, and redshift (z) range 
: 0.5-2.0. 

2. Chose quasars with time lag by using Radius-
Luminosity (R-L) relation calibrated from low-z AGNs [4] and 
selected quasars with BLR size ≤ 60 light-day to scoping 
samples to observe by TNT. 

3. Separate candidates in 3 groups: Group A: 1.0 < z ≤ 
2.0 and time-lag ≤ 60 light-day, Group B: 0.75 ≤ z ≤ 1.0 and 
time-lag ≤ 40 light-day, Group C: 0.5 ≤ z ≤ 1.0 and time-lag ≤ 
30 light-day. 

Given candidates in group A as the first priority in order 
to observe (select only a good signal to noise ratio (S/N ≥ 3) 
and matched with SIMBAD data base). Measure photometry 
and determine accurate time-lag of quasars with magnitude g 
(and r) = 20-22 mag as shown in Figure 1.  

4. Plot quasars spectra with SDSS filter (u, g, r, i, z) to 
choose at least 2 filters, which one is cover only continuum line 
and another is cover on broad emission line as shown in    
Figure 2. 

5. Each quasar is observed with the ULTRASPEC camera 
on the 2.4-m TNT approximately 3 times per month, centring 
around the new moon observation is separated by 
approximately 1 week. For each observation, the quasar is 
observed with either a combination of SDSS g+r or r+i filters. 
Each filter is exposed twice with 300s exposure time for 
stacking later. 

Figure 1 A plot with redshift and time-lag of quasars, also 
shown candidates selected.  

Figure 2 An example of quasar spectrum with SDSS filters (u, 
g, r, i, z band). In this work chose r, i and g band for do 
observation. 

Figure 3 A quasar sample image when finished stacking 
process. A quasar is the point in the red circle with detected at 
3 sigma. 

 
For data reduction, there are steps following: 
1. Do the basic data reduction image (subtract bias, and 

flat).  
2. Stack images of each quasar by using standard stars 

in the background with world coordinate system (WCS) fitting. 
As shown in Figure 3. 
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3. Cross-matching data of quasars stacked image by 
defined the radius as 1 arc minute from the centre in order to 
locate the real quasar with SDSS catalog.  

4. Calculated the zero-point magnitude of quasar in each 
filter by compare our instrument magnitude with a real 
magnitude of SDSS. Then calculated our quasars magnitude in 
each filter band. 

5. Cross correlating the quasar light-curves from 
continuum and broad-line filter bands to estimate the time-lag 
and RBLR, which uses for estimating the MBH. 

 
Results and Discussion 

These show the preliminary result, start at the zero point 
magnitude (ZPM) of quasars in each filter and each night during 
an observation season of TNO.  

Figure 4 On the left hand side of above figure shows the zero-
point magnitude (ZPM) in each filter of all season time. The 
right hand side figure and the below figure shows the ZPM in 
early, middle and last month of observation season. The ZPM 
is refers to weather of observation night, a high value means a 
good night clear sky. All data still calculated without subtraction 
the effect from altitude angle (air mass value). 

 
ZPM refers to the seeing of the sky, high value of ZPM is 

means the sky is clear. On the left hand side of above figure 
shows the ZPM of all data, which can see the trend of the sky 
quite good at the middle range (from the left side of the plot is 
the time in December and the right side is in April). The right 
hand side on above figure and below figure shows the ZPM in 
the same night with chose 3 example night by, first: early 

season (December), second: middle month (February), and 
third: the last month (April) in a term. 

Then, used the ZPM to calculate the real magnitude of 
stars matching including quasar from the last step in data 
reduction method. Compare our magnitude calculated with 
SDSS in order to check the accuracy of the ZPM calibration, 
which is very important for the next step (magnitude cross 
correlation). As shown in the Figure 5 presents that, in high 
magnitude objects, there are quite scattered value between our 
data (y-axis) and SDSS data (x-axis). It is because SDSS is 
does not have the data in quite high redshift. 

Figure 5 Shows magnitude of stars and quasar by   observed 
by TNO when compared to SDSS.  

 
The second preliminary result is the magnitude of our 

quasars which are the most frequency number of observing. 
The figure shows quasars magnitude which got from the 
continuum band and broad emission band. This result is not 
finish in the cross correlation step. As shown in Figure 6. 

Figure 6 Shows the magnitude in continuum band and broad 
band of our quasars. A word ‘cont’ in the bracket means 
continuum band, and other is the magnitude in broad band 

 
Conclusions  
 We have outlined the high-z quasars selection process 
for feasibility study of photometric reverberation mapping with 
the 2.4m Thai National Telescope. We have acquired the data 
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during the last observing cycle (October 2015 - April 2016) for 
around 10-15 quasars, with the most successful objects having 
the highest number of observations for 10 quasars. After 
stacking and zero-point magnitude calibrations our TNT data 
give an accurate and precise measurement of the quasar 
photometry up to our selection magnitude limit of 20.5 mag in 
SDSS-r-band. The calibration of these quasar photometry is 
thus very promising which is necessary for the next step of our 
study that is the estimation of the time-lag and hence BLR 
radius and ultimately the SMBH mass. The final estimation of 
SMBH mass will be present in our future work. 
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Abstract 

Jupiter’s polar emission is a part of Jovian aurora features that still receives debates about its origin and behavior of 

brightness which seem to be unstable. In this work, we study Jupiter’s polar emissions on May 13, 2007 observed by Advanced 

Camera for Surveys (ACS) camera on board the Hubble Space Telescope (HST). We found that active region, which is a section 

of the polar region, appeared to have a bright spot at time of observations. After the detection of bright auroral spot, the auroral 

emission in active region became very faint, while reappeared again within about 20 minutes. This reappearing of auroral emission 

is similar to the behavior of Earth’s aurora. The bright spots from two consecutive observations occurred at the same location 

corresponding to system III longitude, about 62 degrees latitude and 174 degrees longitude. The field line tracing from the 

ionosphere to magnetosphere based on VIP4 and VIPAL model, which was used to map the auroral emission in ionosphere to 

the origin of auroral particles in magnetosphere, shows that the mapping region ranging approximately between 80-90 RJ. 

Moreover, the Michigan Solar Wind Model, MsWim, which is developed at the University of Michigan, showed that right before 

and after May 13, 2007, solar wind speed built up near the time we found a bright spot. As a result, the possible explanation for 

this behavior could be the effect by the increasing of solar wind dynamic pressure. 

Keywords: Jupiter’s aurora: active region: solar wind 
 
Introduction 

 Jovian aurora emission is a result of accelerated particle 

moving along magnetic field lines precipitated into Jupiter’s 

atmosphere. The aurora emission can be found around the 

poles. Based on location, the process of their origin, and 

variation behavior, Jupiter’s aurora can be separated into 

three components, main emission, satellite footprints, and 

polar aurora. The main aurora emission is the brightest and 

most permanent features in Jovian aurora. The main 

emission looks likely an oval around the pole with a kink 

region due to magnetic anomaly. According to previous 

work, the main aurora can be approximately mapped to the 

middle magnetosphere at distance around 20-30 RJ [1], 

which far from magnetosphere boundary. Therefore we can 

consider that Jupiter’s main emission is driven by internal 

p r o c e s s .  

 Satellite footprints are associated with magnetic field 

lines which pass through the satellites, for example, Io, 

Europa, and Ganymede, with distance from Jupiter 5.9 RJ, 

9.4 RJ, and 15 RJ respectively. These satellites are always 

deep inside Jupiter’s magnetosphere. Therefore satellite’s 

magnetic footprints are useful to be constrained for a model 

mapping magnetic fields from the inner magnetosphere to 

the ionosphere [2] such as Voyager, Io footprint, Pioneer 

observations and the maximum degree and order fourth of 

t h e  f i t  ( V I P 4 )  m a g n e t i c  f i e l d  m o d e l .   

 Jupiter’s polar emission is a part that locate in higher 

latitude above main aurora. Polar emission’s brightness is 

quite variable in all observed time scales and its origin is 

still to be debated. The polar aurora was often suggested 

to directly link to the outer magnetosphere, which is related 

to the solar wind interaction and possibly related to the 

current from Dungey and Vasyliunas cycle [3-5]. 

Considering polar emission based on their brightness and 

variation, it can be divided into three regions: dark, swirl, 

and active regions [5]. Dark region is located poleward from 
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the main aurora in the dawn sector. It appears dark in the 

UV and displays as a crescent shape that can expand and 

contract according to Jupiter’s rotation but fixed in local time 

[6]. Swirl region, consist of patchy, transient and fainter 

emissions, and swirl motion, locates poleward from the 

active and dark region, at approximately center of the polar 

auroral region. The brightness can vary from fews kR to 

hundred kR (1 kR = 109 photons cm-2s-1 into 4π steradians 

[8]). Active region lies toward noon sector. It is very 

dynamic, with clear observable features such as flares, 

bright spots, and arc-like features. Vogt et al. (2011) [2] 

suggested that active region maps to the region beyond the 

dayside magnetopause. Active region can be interpreted as 

Jovian’s polar cusp. For bright spot, a very bright in active 

region, which is occasionally observable, Pallier and Prangé 

(2001) [3] suggested that the bright spots do not fix to 

system III longitude but remain close to local magnetic 

noon. Moreover, bright spot might be the signature of the 

northern polar cusp, which may be considered to be related 

to solar wind. 

 In comparison with Earth’s aurora, Jupiter’s aurora is 

more complex. Satellite footprints appear clearly on Jovian 

aurora, while there is no evidence of satellite footprint in 

Earth’s ionosphere. Furthermore, the size of Jupiter’s 

magnetosphere is larger than Earth’s magnetosphere. As a 

result, solar wind is the major influence of Earth’s aurora 

while main emissions of Jovian aurora are driven by internal 

magnetospheric plasma.  

 In this study, we will focus on bright spots’ activities and 

their locations mapped to origin in magnetosphere in order 

to determine relation of bright spot and solar wind. The 

physical properties of solar wind are stimulated by the 

Michigan Solar Wind Model (MsWim), developed by at the 

University of Michigan [7]. 

 

Materials and Methods 

Observation and Data Analysis  

 We study Jupiter’s northern polar emissions on May 13, 

2007 observed by Advanced Camera for Surveys (ACS) 

camera on board the Hubble Space Telescope (HST). 

Images were observed during 16:55:00 to 17:35:16 UT with 

100s exposure time and 40s for each image interval time 

using F125LP and F115LP longpass filters. Data reduction 

was discussed in detail by Wannawichian et al. (2010) [8]. 

Next, Interactive Data Language (IDL) was used to obtain 

system III longitude of bright spot as shown in Figure1. 

Bright spot’s latitude and longitude can be mapped from 

ionosphere to magnetosphere by using Jupiter 

Ionosphere/Magnetosphere Online Mapping Tool, based on 

VIP4 and VIPAL model [2,9]. Finally, we plot solar wind 

dynamic pressure versus time during our observations data 

to explore the influence of variation on the bright spot. Solar 

wind data were obtained from MsWim model [7].  

 

 

Figure 1 Jovian aurora seen by HST on May 13, 2007. The 

bright emission spot can be seen poleward from the main 

emission 

 

Results and Discussion  

 For this series of Jovian aurora image, the aurora 

brightness change significantly during observing time. The 

bright spot was seen in image observed at 16:59:40 UT 

(see fig1), then it disappears while the aurora continually 

changes. About 23 minutes later, at 17:23:18 UT, the bright 

spot occurred and departed on the next image. After 

processed by IDL, the system III longitude of two bright 

spots were obtained to be 62.9431° latitude and 174.311° 

longitude, and 61.7693° latitude and 173.256° longitude 

respectively. 

 



 260                                                      Physics for Innovation and Creative Society 

 

With Jupiter Ionosphere/Magnetosphere Online 
Mapping Tool, flux equivalent calculated by VIP4 model for 
two bright spots were mapped to magnetosphere at radial 
distance 96.134 Jovian radii, at local time 9.395 hours and 
83.805 Jovian radii, at local time 10.828 hours. However, 
flux equivalent calculated by VIPAL model for two bright 
spots shows that the two spots are mapped to the distance 
beyond 150 Jovian radii or beyond the dayside 
magnetopause [2,9]. The distance that we obtained locates 
beyond close-open field lines boundary. It implies that the 
origin of emission spots could be directly connected to solar 
wind via open field lines. This mapped location could be 
related to Jovian polar cusp as previous works [2,3] had 
suggested.  

 

 Furthermore, we plotted stimulated solar wind dynamic 

pressure at Jupiter versus time using data from MsWim. 

The graph shown in Figure 2 is for the interval between May 

11, 2007 and June 12, 2007. We found that there are some 

increasing of dynamic pressure both earlier and later than 

the time that we found bright spots. This corresponds to 

Clarke et al. (2009) [10] who suggested that the arrival times 

of solar wind propagated to Jupiter of MsWim model had 

some uncertainty. Nevertheless, by further investigation, we 

found bright spot occurred at the time of no significant solar 

wind dynamic pressure. This phenomena could be related 

to other dynamics. 

 

Figure 2 A plot of stimulated solar wind dynamic pressure propagation to Jupiter from May 11, 2007 to June 12, 2007. Data was 

obtained from MsWim model [7]. Each color represent consecutive days in observation. 

 

Conclusions 

         In conclusion, the bright spot of Jupiter’s polar aurora 
in this study seems to be unstable behavior. The bright 
emission spots origin were mapped to the origin in 
magnetosphere by VIP4 model at distance approximately 
more than 80 RJ. It possibly originates from the outer 
magnetosphere, which is affected by solar wind, and 
relating to Jovian polar cusp. In this work, uncertainty of 
solar wind propagation should be considered. However, 
some additional bright spots in this study were found and 
appear to be antirelated to solar wind activity. This result 
suggests that some other dynamics can play the role of 

controlling the bright spots, which can be investigated for 
future study. 
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Abstract 

 Co0.3Zn0.7Fe2O4 ferrites were prepared by the ceramic process and sintered at 1250oC, 1300oC and 
1350oC. The crystal structural, morphological and magnetic properties of ferrite were determined by X-ray 
diffractometry (XRD), scanning electron microscopy (SEM), and vibrating sample magnetometer (VSM) 
respectively. The result of samples shows that cubic spinel ferrite and the crystallite size increases from 6.80 Å 
to 9.08 Å with the increase sintering temperature from 1250 oC to 1350oC. The magnetization and coercivity of 
samples were found to be ~22 emu/g and 29 Oe, respectively which independent of sintering temperature. The 
single crystal Co0.3Zn0.7Fe2O4 ferrite can be prepared at temperature 1350oC (rate 3oC/min) for 2 h. It was found 
that single crystal (311) plane.   

 
Keywords: Co0.3Zn0.7Fe2O4, Single crystal, Ceramic method 
 
Introduction 
 Spinel ferrites have generated great interest 
because it importance in electronic equipment and 
medical appliance and intensively studied for 
structural magnetic and electrical properties [1,2]. 
The spinel ferrites of interest include CoFe2O4, 
NiFe2O4, MnFe2O4, ZnFe2O4, Co1-xZnxFe2O4 and 
Co0.3Zn0.7Fe2O4 were soft magnetic materials. The 
preparation of spinel ferrite can be prepared in 
many ways such as co-precipitation, sol-gel, 
hydrolysis, auto-combustion and ceramic method 
[3]. Ferrites are complex because they combine 
two complex areas: ceramic microstructures and 
magnetic phenomena [4]. In this work, The 
Co0.3Zn0.7Fe2O4 ferrites were prepared by the 
ceramic process; high magnetization and single 

crystal. 
 
 

Materials and Methods 
      The Co0.3Zn0.7Fe2O4 ferrites were prepared 
using the standard ceramic process. The starting 
materials used in this study were CoO (Sigma-
Aldrich), ZnO (Sigma-Aldrich, 99.9%), and Fe2O3 

(Sigma-Aldrich, 99%) mixed together to form the 
composition of Co0.3Zn0.7Fe2O4. Mixtures of these 
raw materials were milled in ethanol for 20 
minutes. The mixed powder was dried, crushed 
and sifted. The granules were calcined at 1100 oC 
for 2 hours. After calcining and sieving, the 
powders were pressed into a disk shape compacts 
about diameter 10 mm, thickness 3 mm. The 
green bodies were sintered in air at 1250oC, 
1300oC and 1350oC for 2 hours (rate 3oC/min). 
The crystalline phases of the powder and ceramic 
samples were studied by the X-ray diffractometer 

(XRD) using CuK radiation, (XRD, Bruke, D8). 
The microstructure of the samples was 
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investigated using a field emission scanning 
electron microscope (FESEM, Hitachi, S-4700). 
Grain sizes of the as-sintered samples were 
measured employing the intercept method.  
Magnetic measurements at room temperature 
were conducted using a vibrating sample 
magnetometer (VSM). All the hysteresis magnetic 
measurements were carried out at room 
temperature on the sintered samples in the applied 
static magnetic fields up to 7.3 kOe.  
 
Results and Discussion 
 Figure 1 shows the XRD pattern of the 
Co0.3Zn0.7Fe2O4 ferrites sintered at temperature 
1250oC, 1300oC and 1350oC for 2 h. As can be 
seen that a pure cubic spinel structure. All XRD 
peak of the sample indicated that our 
correspondent with JCPDS no. 82-1049 (ZnFe2O4) 
and 22-1086 (CoFe2O4) [1-2]. Moreover, the 
sintering at 1350oC can cause single crystal (311) 
plane in Figure 1(c).  

 
Figure 1 XRD of Co0.3Zn0.7Fe2O4 ferrites sintered 
at (a) 1250oC, (b) 1300oC and 1350oC for 2 h. 

 
 The crystallites size of sample can be 
calculated by Scherrer's formula [3,5] 

(1)                       

where DXRD is crystallite size; K is the shape factor 
(=0.9); λ is the wavelength of X-ray (CuKα =1.54 
Å); β  is the full-width at half-maximum (FWHM) in 
radians in the 2θ scale; θ is the Bragg angle. The 
crystallites size of the Co0.3Zn0.7Fe2O4 after 
sintered at 1250oC, 1300oC and 1350oC were    
6.8 Å, 7.05 Å, and 9.08 Å, respectively. 
 Figure 2 (a)-(c) shows SEM images of 
Co0.3Zn0.7Fe2O4 ferrites sintered at 1250oC, 
1300oC and 1350oC for 2 h, respectively. The 
grain sizes of samples increased from 1.89 to 
201.45 μm with an increase of sintering 
temperature 1250oC to 1350oC in Figure 3. The 
crystallite size and grain size of the sample shown 
in Table 1.  
 The sintering at 1350oC, making it appears 
only (311) plane as a cubic spinel phase and high 
sintering temperature  increase of grain size due to 
sintering process [6].  
 

 

 

 
 

Figure 2 SEM images of Co0.3Zn0.7Fe2O4 ferrites 
sintered at various temperatures: (a) 1250oC,  (b) 
1300oC and (c) 1350oC for 2 h. 
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Figure 3 The crystallite size and grain size of 
Co0.3Zn0.7Fe2O4 ferrites sintered at various 
temperatures.  
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Figure 4 Hysteresis loops of Co0.3Zn0.7Fe2O4 
ferrites obtained at different sintering temperatures. 
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 Figure 5 The saturation magnetization and 
coercivity of Co0.3Zn0.7Fe2O4 ferrites sintered at 
various temperatures. 
 
 
 

Table 1 Physical properties of Co0.3Zn0.7Fe2O4 
ferrites. 

Sintering 
temperature 

(oC) 

Crystallite 
size 
(Å) 

Grain size 
(μm) 

1250 6.80 1.89±0.61 
1300 7.05 3.66±1.42 
1350 9.08 201.43±80.54 

Sintering 
temperature 

(oC) 

Saturation 
magnetization, 

MS 

(emu/g) 

Coercivity,Hc 
(Oe) 

1250 22.00 17 
1300 22.75 29 
1350 26.35 29 

 
Figure 4 shows an overview of Hysteresis 

loops of Co0.3Zn0.7Fe2O4 ferrites at different 
sintering temperatures. The Co0.3Zn0.7Fe2O4 ferrite 
is a combination of inverse and normal spinel 
structure. Since CoFe2O4 and ZnFe2O4 are inverse 
spinel and normal spinel, respectively [7]. 

The saturation magnetization, Ms of 
Co0.3Zn0.7Fe2O4 ferrites a few increased from 22 to 
26.35 emu/g with sintering temperature from 
1250oC to 1350oC in Figure 4. Because 
magnetocrystalline anisotropy of the grain size and 
crystallite size of the sample [8]. The coercivity of 
Co0.3Zn0.7Fe2O4 ferrites in the range between     
17 - 29 Oe indicated that it was soft ferrites.  
 
Conclusions 
       The Co0.3Zn0.7Fe2O4 ferrites can be prepared 
by the ceramic process and sintered at 1250oC, 
1300oC and 1350oC. The single crystal of 
Co0.3Zn0.7Fe2O4 ferrites can be appeared (311) 
plane by sintering at temperature 1350oC with the 
crystallite size and grain size is 9.08 Å and 201.43 
μm. The magnetic properties of single crystal 
Co0.3Zn0.7Fe2O4 ferrites were soft ferrite. The 
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saturation magnetization and coercivity of single 
crystal Co0.3Zn0.7Fe2O4 ferrites were 26.35 emu/g 
and 29 Oe, respectively. 
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Abstract 
Structural, vibrational and optical properties of thick GaPN films with the N contents of 0 .8, 1.8 and 5.4 

at% on GaP (001) substrates have been investigated using high resolution X -rays diffraction technique 
(HRXRD), mocro-Raman spectroscopy and micro-photoluminescence spectroscopy (micro-PL). The GaPN films 
were grown by metalorganic vapor phase epitaxy (MOVPE). The thickness of the films with N contents of 0 .8, 
1.8 and 5.4 at% was reduced to be 347, 327, 317 nm, respectively. All the films were examined under tensile 
strain with a partial relaxation.  Despite the fact that the GaPN films were incorporated with N as high as 5 .4 
at%, however, smooth surfaces and fairly flat interfaces are visibly observed by atomic force microscopy (AFM) 
and scanning electron microscopy (SEM).  Raman spectra reveal the N-related vibrational modes (N-VMs) in 
range of 440 – 520 cm-1, which is the first observation for the dilute GaPN alloy. The N-VMs intensity exhibits a 
linear relationship on the N content determined by HRXRD.  This confirms that the incorporated N atoms are 
substituted at the P lattice, resulting in an isolated local vibrational mode and the NN i pairs related vibrational 
modes.  Room temperature bandgap was obtained by micro -PL is dramatically reduced when the N content is 
increased. A huge bandgap bowing parameter of the GaPN is calculated to be 10 eV . The relationship between 
film relaxation and bandgap reduction is carefully concerned . 

 
Keywords: GaPN, HRXRD, Raman scattering, Bandgap, Bowing parameter 
 

 
Introduction  
 The GaPN alloy is a high potential material that 
can be invented several devices, such as green and 
red-operated optoelectronic devices [1-4] .  Moreover, 
the GaPN alloy is the one of candidate material that 
was chosen to fabricate an intermediate band layer in 
the intermediate band solar cells [5] .  This alloy is 
strongly interested because bandgap of GaPN can be 
largely adjusted by adding of a small amount of N 

atoms in the GaP crystals [6] .  Regularly, the GaP 
compound is a poor light-emitted material because it 
is an indirect band gap semiconductor.  It is known 
that, when the N atoms were doped into the GaP 
crystal, the luminescence efficiency of GaP:N is 
significantly increase.  Yaguchi et al.  have been 
reported that GaPN is transformed to quasi-direct 
band gap when N content incorporated in the crystal 
is more than 1.0 at% [7].  In addition, the GaPN alloy 
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is lattice matched to Si with approximately N content 
of 2.0 at%. Therefore, The GaPN alloy is an attracted 
material to invent high performance optoelectronic 
devices. 
 From the fact that the high quality GaPN films 
were grown with N content lower than 3.0 at% 
because of the large miscibility gap between GaP and 
GaN lattice constants [7]. Nowadays, few papers have 
been reported the structural and optical properties of 
GaPN films with N content more than 3.0 at% [6,8,9]. 
Especially, the lattice vibrational modes by Raman 
scattering technique [10] .  In this work, we report the 
structural, vibrational and optical results in dilute 
GaPN films, especially the film with N content of 
5.4%. 
 

Materials and Methods  
GaPN films studied in this work were grown on 

GaP (001) substrate by metalorganic vapor phase 
epitaxy (MOVPE)  at Department of Advance 
materials, University of Tokyo, Japan. Trimethylgallium 
( TMG) , Tertiarybutylphosphine ( TBP)  and 
dimethylhydrazine (DMHy) were used as the Ga, P 
and N precursors, respectively.  Firstly, a GaP buffer 
layer was grown at 680 C for 10 min.  Then, the 
GaPN main layer was consecutively grown at 540 C 
for 20 min. Flow rate of DMHy, [DMHy], was varied in 
range of 0 – 300 µmol/min to obtain the films with 
various N contents. 

In order to makes profound and exhaustive 
understandings of structural properties, high resolution 
X-rays diffraction (HRXRD)  was performed to 
determine structural parameters, such as an average 
lattice constant, lattice mismatch, strain property and 
the N content of the grown films obeying the Vegard’s 
law. HRXRD used in this work was operated using the 

K1 characteristics X-rays from copper target with the 
wavelength of 1. 5406 Å.  Scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) 
were used to determine surface and interface 
morphologies of the films.  In addition, the film 

thickness was measured in a backscattering 
acquisition mode. 

Vibrational property of the films was thorough 
studied by micro-Raman scattering spectroscopy 
performed at room temperature.  The 632.8 nm-laser 
with beam diameter approximately of 2 µm in addition 
to backscattering condition were operated as an 
excitation condition. Raman spectra were collected for 
5 times at different locations and the measurement 
range is about 150 – 900 cm-1 to cover the Raman 
shift of the second order mode of GaP-LO (). 

Micro-photoluminescence ( PL)  spectroscopy, 
which was performed to determine the bandgap of the 
films, was operated at room temperature using the 
532-nm monochromatic light as the excitation laser. 
The bowing parameter is carefully determined, 
satisfying the modified Vegard ’s law. 
 

 
Results and Discussion 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 A symmetrical (004) 2/ HRXRD profiles of 
GaPN films grown on GaP (001) substrates with 
[DMHy] of 50, 100 and 300 µmol/min 
 

Figure 1 illustrates a symmetrical (004) 2/ 

HRXRD reflections of GaPN films grown on GaP 
(001) substrates with [DMHy] of 50, 100 and 300 
µmol/min. It is clearly seen that diffraction profiles of 
the GaPN (004) reflection are located at higher 
diffraction angles with respect to the GaP (004) peaks. 
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This results reveal that the perpendicular lattice 
constant (  ) of GaPN films are smaller than of the 
GaP substrate, indicating that the films are under 
tensile strain. Figure 2 shows an example of an 
asymmetrical (115) HRXRD reciprocal space mapping 
(RSM) of GaPN film grown of GaP (001) substrate 
with [DMHy] of 300 µmol/min. RSM of the GaPN (115) 
reflection is regularly carried out to determine the 
parallel lattice constant (  ) of GaPN. The contour 
plot of the GaPN (115) reflection is clearly displayed 
along a fully strain line. An orientation of the contour 
plot along ω-axis shows that the GaPN films were 
grown with trace partial relaxation. It is well known 
that an average lattice constant of GaPN (  

    ), 
which is calculated from    and   , is necessary to 
examine the N content incorporated in the films. Table 
1 shows structural parameters of the thick films 
calculated from HRXRD results. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 An asymmetrical (115) reciprocal map of 
GaPN film with [DMHy] of 300 µmol/min 
 
Table 1 Structural parameters of the GaPN films 
obtained from HRXRD technique 
 

 
 

 
 
 
 
 
 

 
Figure 3 Surface and interface morphologies of GaPN 
film with the N content of 5.4 at% 

 
Figure 3 displays an example of surface and 

interface morphologies of GaPN films with the N 
content of 5.4 at%, observed by AFM and SEM. 
Smooth surfaces and fairly flat interfaces are 
detected, despite the fact that the GaPN films were 
incorporated with N as higher as 5.4 at%. It is also 
observed that the thickness of the GaPN films are 
decreasing with the N content.  The results obtained 
from SEM and AFM are listed in Table 2. 
 

Table 2 The summarized results obtained from SEM 
and AFM of GaPN films with different the N content  
 

N content 
(at%) 

Thickness 
(nm) 

RMS roughness 
(nm) 

0.8 347 0.3 
1.8 327 0.3 
5.4 317 0.5 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 4 Normalized Raman spectra of GaPN films 
with the N content of 0 at% and 5.4 at% 
 

[DMHy] 
(µmol/min) 

a0
GaPN 
(Å) 

Lattice 
mismatch (%) 

N content 
(at%) 

50 5.443 -0.1 0.8 
100 5.434 -0.3 1.8 
300 5.399 -0.9 5.4 
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Figure 4 illustrates the normalized Raman 
spectra of GaPN films with the N content of 0 at% and 
5.4 at% that were represented as blue dash and red 
solid lines, respectively.  GaP-TO () and GaP-LO () 
vibrational modes at 365 and 401 cm -1 are distinctly 
observed.  However, GaP-LO (X)  and N-related 
vibrational modes (N-VMs) were emerged at 391 and 
in the range of 440 to 520 cm -1 from the N 
incorporated films.  An appearance of GaP-LO (X) 
mode confirms the lattice distortion due to the N 
incorporation into the P lattice sites.  In addition, it is 
well know that if a lighter atom is surrounded by a 
heavier atom, the unique vibrational namely localized 
vibrational mode (LVM) must be strongly detected. For 
GaPN alloy, the N-LVM due to the N atom surrounded 
by four Ga atoms emerges at about 498 cm -1 and N-
VMs due to N pairs (NN i) are also presented close to 
the N-LVM.  Figure 5 presents the Raman spectra of 
GaPN films in the range of 440 – 520 cm-1 with 
various N content. In order to confirm the N-VMs, the 
Raman spectra were corrected using baseline 
correction with GaP spectrum subtraction.  It is clearly 
observed the N-LVM and the N-VMs corresponding to 
NN i.  This demonstrates discovery of the NN i 
vibrational modes in the GaPN alloy by micro-Raman 
spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Raman spectra of GaPN films in the range 
of 440 – 520 cm-1 with various N contents 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 The correlation between        and the N 
content measured by HRXRD (    ) of GaPN films 
with xXRD up to 5.4 at% using (a)   = 1.0 and (b)   = 
1.6 
  
      It is also knowing that the integrated Raman 
intensity of GaP-LO () and N-VMs (            and 
       ) are proportional to the amount of P and N, 
respectively. Thus the N content measured by Raman 
spectroscopy (      ) can be calculated as follows 
[11] : 
 

         
      

                    
       (1) 

 
where   represents the relative scattering yield of the 
N atoms with respect to the P atoms.   Figure 6(a) 
displays the correlation between        and the N 
content measured by HRXRD (    ) of GaPN films 
with      up to 5.4 at% using   = 1.0, when error 
bars indicate standard deviation of five position 
measurements.  It is observed that the correlation 
exhibits linear behavior, indicating that the intensities 

(a) 

(b) 
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of N-VMs are directly proportional to the N content 
measured by HRXRD. On the other hand, using   = 
1.6,       and      are equally presented for the 
     up to 5.4 at%, as shown in Figure 6(b). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Micro-Photoluminescence spectra of GaPN 
films with different N contents 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 Bandgap of GaPN films as a function of the 
N content with the N content up to 5.4 at% comparing 
with other results [7, 12-14] 
 

Figure 7 illustrates the luminescence spectra of 
GaPN films with different N contents.  It is observed 
that the bandgap of the films shift to the lower energy 
due to an incorporation of N atoms replaced to the P 
atoms.  Figure 8 shows bandgap of GaPN films as a 
function of the N content with the N content up to 5.4 
at% comparing with other researches [7, 12-14].  It is 
clearly seen that the bandgap of the film with the N 

content of 0.8 at% are dramatically reduced due to 
film relaxation effect.  The film relaxation can be 
occurred due to the actual film thickness is much high 
than the critical thickness.  The bowing parameter of 
GaPN was determined to be 10 eV. 
 
Conclusions  
 In this work, thick GaPN films with the N content 
measured by HRXRD up to 5.4 at% have been 
investigated.  The N-related vibrational modes were 
observed at around 440 - 520 cm-1.  The Raman 
intensity ratio between the N-related modes and GaP-
LO () is proportional to the N content. The N content 
determined by Raman spectroscopy reveals a direct 
linear dependent on the N content measured by 
HRXRD using    = 1.6.  This discovery provides that 
the Raman scattering is a promising technique for 
determination of the N content in dilute GaPN films. A 
dramatically reduction of the bandgap due to an 
incorporation of N into P lattice sites indicates a huge 
band gap bowing parameter of 10 eV at room 
temperature. 
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