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Abstract: Contribution of Local azimuthal magnetic field of a star in the leakage of field free 

upcoming mass from different optical depths of both types of bright dots PUDs and CUDs has been 

revealed involving experimental data of B, , 
  

  
    The leakage activity of particles is seen to be more 

enhanced for PUDs than CUDs by a factor of 1.6 at top logτ500=-2.5. Dynamic anatomy of upcoming 

mass in both types of UDs is unraveled and PUDs are found to be more active from point of view of 

electromagnetic dynamics than CUDs. 
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1. Introduction 

Bright dots in a star, like our Sun, although tiny in size but are violent to show bright feature due to excessive heating, 

high temperature, complex magnetic structure and typical canopies of field free mass outflows (1). Their binary features 

are categorized in two groups:  most of them are central umbral dots (CUDs), centrally distributed group of tiny bright 

augmentations in sunspot, on the other hand closely located at boundaries are known as peripheral umbral dots (PUDs) 

(2, 3). In 1979, first time Parker (4, 5) suggested these two anatomies of Umbral Dots (UDs) and then subsequently by 

(6). For further details on this topic see reviews of (7, 8). 

However the presence of the strong vertical magnetic field (9) in UDs curbs the energy transport by convection in such a 

way that umbra of a sunspot actually be cooler, than umbral dots (10, 11). An additional heat mechanism within the UDs 

is needed to explain the observed brightness which implies higher temperature than surrounding plasma (12-14). 

The up flow of field free mass within the UDs (15, 16). shifts the τ=1 level into cooler atmospheric regions which 

explains dark lane across the UDs visible in resolution of 0.2 (17, 18). In 2006, (19) revealed in their simulated studies 

that UDs had horizontally elongated shape and central dark lane which they found well in consistent with the observed 

results. UDs are surrounded by down flows concentrated at the end points of the dark lanes (7, 20). However in 

simulation studies the differential down flow at different optical depths is still an unresolved issue (21, 22). In the present 

paper we attempted to show how the differential out flow of upcoming mass at different optical depth is possible and the 

cause of the differential particles flux with its estimated numbers in the down flows for the CUDs and PUDs on basis of 

the inclusion of local azimuthal magnetic field. 

2. Local azimuthal magnetic field of UDs 
 

Local azimuthal component of magnetic field       involvement with vertical flow and mass flux balance in UDs has 

been quite challenging for the solution of the differential outflows at different optical depths in umbral dots (23). It is 

well understood that the upcoming substantial huge amount of unstable particles in the ionized form, caused by the high 

temperature, create significant electrical currents in the column of the UDs and likely susceptible to generate        

attached to thin UD column according to Electro-Magnetic Dynamics (EMD). It diagnoses UDs enhanced temperature 

and high intensity relative to the surrounding umbra which in 1993, was speculated by (24). In their model of UDs of thin 

vertical magnetic       tubes with reduced magnetic field strength, but with  temperature enhancement and material 
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upward flow from the bottom, embedded in a stationary  sunspot umbra was proposed. The coupling of       with the 

vertical component       likely to solve number of issues related to star umbral dots (25-27).  

                              (1) 

 

Where    is the unit vectors in cylindrical coordinates (r,   ,   ) along Z-axis normal to the photosphere of the star sun 

and     is the azimuth unit vector in the plane of photosphere.       is the resultant radial magnetic field of UDs 

anatomized  an azimuthal component         as represented by  expression 

 

(  X B)z  = μ Jz            (2) 

 

Where μ is permeability constant of active region confined within UDC and Jz is current density associated with filled 

unstable and oscillating slab of plasma sandwiched between the region of       with vertical wavelength of 100 km and 

period of 100 seconds (4). Moreover it may be expressed by the current parallel to       within radial distance r ˂  radius 

of UDC as 

                             (3) 

 

Where conventional and the displacement currents be    and    respectively confined inside UDC covering the entire 

integrated area of infinitesimal area of cross section da in the plane of the photosphere of the star which equals to A. In 

earlier studies, (10, 14) assumed only    but later (21, 22) observed velocity gradient for the upcoming field free mass 

filled in bright UDC suggesting the possibility of 

      
   

  
             (4) 

Here 
   

  
  is the changing electric field flux in the direction of Jz (28) with    as the permittivity constant. In the present 

work the use of    played a crucial role in investigating the out flow leakage of upcoming mass from different depth of 

the UDC with varying estimated particle flux. 

According to EMD principle, both     and    in side UDC  inhere electric conductivity   and velocity gradient 
  

  
 of field 

free mass moving up with varying velocity   which is responsible for the brightness inside the star sunspot where 

temperature is comparable to surface of the photosphere (19). From equations - 2, 3, 4, one can obtain the magnetic field 

      as 

                      
     

 
   

  

  
  

Where “en” be the charge density of field free mass and A = π r2 be the area of cross- section of UDC as shown in figure-

1 below. The genesis of    
     

 
   

  

  
 and          are caused by physical quantities like    ,  

  

  
 , and conductivity 

  of field free mass coming up filled in bright UDC. 

Let ‘r’ be the radius of any point in side UDC (See figure-1) where integrated magnetic field may be written as 

                         
  

 

  

  
  

          
    

 
   

  

 

  

  
           (5) 
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Fig. 1 represents coming out particle flux    of field free mass at different optical depths logτ500 with the deferential velocity 

  

  
. 

Different optical depths from bottom (log(τ500 ) = 0) to top (log(τ500 ) = -3) with sideways leakage flux    of  field free 

mass of UDC are depicted by a cartoon diagram as shown in figurer -1. Near bottom    is less as compared to top of 

UDC is due to significant velocity gradient found in the UDC. This kind of manifestation immerge while considering the 

conductivity of mass in UDC in the following form as  

  
   

 

    

 
      

        

 

The first term in above expression is related mainly to light electrons while the second term is the contribution of heavy 

ions which is usually negligible compared to first term because of the approximations           , and       

      obviously for singly ionized field free mass but for higher order ionization states              so we have 

approximate expression of conductivity as 

  
   

    
            (6) 

The collision per second of electrons with ions in upcoming mass is also given as 

   
   

         
     

                                                       (7) 

From equations (6) and (7), we get 

  
       

    
 

  
 

Now the expression of conductivity   may be put in equation (5) to get B as  

       
      

 
    

  

         

  

  
          (8) 
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The factor  
  

 
     is called particle flux which is referred as number of particles of free field mass leaking  across the 

cylindrical area of UDC of the UDs  as shown in figure -1 and  may be estimated by equation (9) as given below. 

    
      

       
  

            
  

  
 
          (9) 

   is calculated for various optical depth of UDC using experimentally measured values of  temperatures, velocities and 

magnetic fields data for PUDs and CUDs. It is also of significance to comprehend velocity gradient of field free charge 

gas at different optical depth. If we assume that        then    dominates over conventional current ic due to transient 

nature of PUDs and CUDs which allows us to write equation (9) as 

     
               

     
  

  
 

           (10) 

Equation (10) represents the explicitly     because of the    at different optical depths in UDC. It unraveled a significant 

role in revealing the internal anatomy of PUDs and CUDs. The results of equations (9) and (10) are tabulated below for 

specific event of sunspot umbra of NOAA AR 10933 observed by Hinode/SP (21) during the period 12:43 to 13:00 UT 

on 2007 January 5 with the help of spectropolarimeter (SP) (29) of solar optical telescope (SOT) (30).. 

Table 1. PUD 

PUD 

Optical Depth    log(τ500) 
-2.5 

Top 
-2.0 -1.5 -1.0 -0.5 

-0.0 

Bottom 

Velocity   km/s 0.07589 0.12947 0.15363 0.26789 0.54578 0.91724 

dν/dx 

(km/s)/Optical depth 
0.6696 0.06487 0.13873 0.34600 0.00138 0.5775 

Temperature 

kK 
4.02838 4.22913 4.45743 4.72572 5.15321 5.63524 

Magnetic Field 

kG 
1.91328 1.93899 1.92577 1.89738 1.77529 1.65387 

B / ν 

kG/(km/s) 
2.521*10

-3 
1.497*10

-3
 1.253*10

-3
 0.708*10

-3
 0.325*10

-3
 0.180*10

-3
 

       Particles/m
2 

24.00 14.37 12.02 6.80 3.12 1.73 

        Particles/m
2
 2.58 7.88 5.15 6.19 37.57 37.90 

 

Table  2. CUD 

 
The stratification of Optical depth log (τ500) of UDs extends from the upper photosphere (top logτ500= -2.5) to the deep 

photosphere (bottom logτ500=0) as shown in figure-1. The physical parameters like temperature, velocity, velocity 

gradient and magnetic field were separately measured and averaged over all PUDs and CUDs. From data tables-1 and 

CUD 

Optical Depth 

log(τ500) 

-2.5 

Top 
-2.0 -1.5 -1.0 -0.5 

-0.0 

Bottom 

Velocity 

km/s 
0.11922 0.11922 0.12895 0.19731 0.42573 0.72646 

dν/dx 

(km/s)/Optical depth 
0.002573 0.003185 0.06933 0.28220 0.4729 0.4894 

Temperature 

kK 
3.95867 4.13589 4.32549 4.57524 5.02541 5.50271 

Magnetic Field 

kG 
1.86793 1.85672 1.83256 1.79116 1.72581 1.64572 

B / ν 

kG/(km/s) 
1.566*10

-3 
1.557*10

-3
 1.421*10

-3
 0.907*10

-3
 0.405*10

-3
 0.226*10

-3
 

      Particles/m
2 

15.07 14.97 13.63 8.70 3.89 2.17 

       Particles/m
2
 162 130 6.91 3.88 10.40 279.17 
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table -2 we deduced that a temperature enhancement of 1606 K from top to bottom of PUDs where as magnetic field 

decreased by 259 Gauss as expected.  Very similar to PUDs, CUDs also manifested almost similar variation in 

temperature and magnetic field of 1544 K and 222 Gauss respectively. In comparison to PUDs, CUDs showed more 

slowing velocity of field free mass coming up in the UDC that is 607 m/s in CUDs and 841 m/s in PUDs. Incorporating 

these measured physical properties of UDs we calculated particle flux    and     by equations (9) and (10) and tabulated 

in tables-1 and table-2 for both PUDs and CUDs. The stratifications of    and      are plotted as shown in figure-2. 

 

Fig. 2 represents optical depth dependence of flux      in left panel  and in right pannel is     

 

3. Results & Conclusions 
 

 Often two specific active regions namely CUD and PUD in star sun have been the central focus of many studies because 

of their different EMD anatomy and activities (2, 14, 31-34). The observed data quality with high detection resolution 

maneuvers the detail understanding of unique features of these regions under experimental constrains (35). We do not see 

minor detail as suggested by simulation work in the observed data analysis but always has been the challenges to 

experimental studies how to  make improvement in data and guiding the way to pipe line sophisticated instrument for 

better results.  

 The charged particles of free field mass coming up vertically with varying velocity  along optical height of UDs are 

parallel with vertical component B(r) and do not interact  but  generate current which likely to originate azimuthal 

component of magnetic field varying radically outward with in the column of CUDs and PUDs. The varying azimuthal 

component of magnetic field coupled with B(r) not only perturb the dynamics of  upcoming mass (36) but produce 

particle flux    and     leakages from the column under neath of CUDs & PUDs as function of optical depth as derived 

in section-2, and expressed  by equation-9 and 10. 

In figure -2, the graphs in the left column of panel indicate    leakages which decrease nonlinearly with optical depth for 

CUDs and PUDs. At top logτ500=-2.5 of optical depth of CUDs, it is about 15.07*1021 (no. particles/m2) and at bottom 

logτ500=0 it is 2.17*1021 (no.particles/m2). Similarly for PUDs it decreases nonlinearly from 24.00*1021 (no.particles/m2) 

at top logτ500=-2.5 of optical depth to 1.73*1021 (no. particles/m2) at bottom logτ500=0.  These features can be understood 

by the fact that B(r) with depth decreases whereas   increases. According to hydrodynamics, the pressure of field free 
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mass at UC walls at top logτ500=-2.5 would be more than at bottom logτ500=0 which justifies the variation in    as 

predicted by our model. On contrary, the    in the part of optical depth between logτ500=-0.5 to logτ500=-1.5 increases 

linearly but at part of the depth from logτ500=-2 to logτ500=-2.5 remains almost constant for CUDs but suddenly increases 

by a factor of 1.5 in the case of PUDs. Such typical variations are evident from the values of the term B/V and azimuthal 

term   
  

       
 

 

  

  

  
  and are enough to differentiate and reveal the actual internal anatomy of both of CUD and PUD 

that is, PUDs are more dynamically active than CUDs at their top.  
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