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ABSTRACT

Context. Atmospheric Imaging Assembly is an instrument on-board Solar Dyra@iixservatory satellite. It is capable of detecting
and identifying coronal bright points in the solar corona.

Aims. We present the results of solafférential rotation profile by tracing coronal bright points detected by Aphesc Imaging
Assembly. We also investigated problems related to detection of cordght points resulting from instrument and detection algo-
rithm limitations.

Methods. To determine the positions and identification of coronal bright points we thee segmentation algorithm. Linear fit of
central meridian distance and latitude versus time was utilised to obtain rettmities of the tracer.

Results. We obtained 906 velocity measurements in time interval of only 2 dayEerBntial rotation profile can be expressed as
wror = (1447 £ 0.10+ (0.6 + 1.0) sirf(b) + (-4.7 + 1.7) sirf(b))°day L.

Conclusions. Data and methods presented in this paper show a great potential to obstaacuarate velocity profiles, both for ro-
tation and meridional motion and, consequently, Reynolds stresseanitunt of coronal bright point data that could be obtained
from this instrument should also provide a great opportunity to studyggsaof velocity patterns with a temporal resolution of only a
few months. Other possibilities are studies of evolution of coronal brigimtg and proper motions of magnetic elements on the Sun.
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1. Introduction Other tracers are used as well: magnetic fields (Wilcox &
_ ) ) Howard 1970; Snodgrass 1983; Komm et al. 1993) aadild-

We .present the r.esults .Of solar rotatlo_n profile obtained Wents (Bre&a etal. 1991) Apart from tracers, Dopp|er measure-

tracing coronal bright points (CBPs) which were observed fyents can also be used (Howard & Harvey 1970; Ulrich et al.

Atmospheric Imaging Assembly (AIA) instrument on board 988: Snodgrass & Ulrich 1990).

Solar Dynamics Observatory (SDO) satellite (Lemen et al. Helioseismic measurements also shofedential rotation

2012). ) below the photosphere all the way down to the bottom of the con
The most frequently used and oldest tracer of sol@iedn- yective zone (Kosovichev et al. 1997; Schou et al. 1998)heur

tial profile are sunspots (Newton & Nunn 1951; Howard et abelow, the rotation profile becomes uniform for all latitsdef.
1984; Balthasar et al. 1986; Bgaj et al. 2002a). One of the adeg. Howe 2009).

vantages of using sunspots is very long time coverage. On the
other hand, there are numerous disadvantages: sunspas fgv

complex and evolving structure, their distribution in tiatie is he reviews by Scliter (1985): Howard (1984): Beck (2000);

pignly non-uniform and it does not extend to Righer so'af l8bssendrijver (2003); &iiger & Hollerbach (2004); Stix (2004);

itudes. Number of sunspots is also highly variable durirg iy, e (2009): Rozelot & Neiner (2009).

solar cycle which makes measurements of solfiedntial rota- . . . .

tion profile almost impossible in the minimum of solar adgvi Intthlsdworktwe wil ust(;CBP (lj;'ata ;)tbhtalge? bde[)gwA In
CBPs are more uniformly distributed in latitude and are n only two days to assess the quality of the data, identify ceair

- all oh fth I le. Th | tendadl '§t errors and calculate solarfiérential rotation profile. We will
merous In alf pnases ot (ne solar cycle. They aiso eXIENtaVery s, jnyestigate the possibility to use CBP data from $E0

fr?elaééztii;%?fg'omﬁg \évsarlieuzzg ?ISD ltjrpar%zrs&oLZ?Eé E_O;?g‘)n?n f%_r further studies of other related phenomena (meridifioal,
cent years there are numerous studies investigating sidiar-d tation velocity residuals and Reynolds stresg).
ential rotation by using CBPs as tracers. Kariyappa (2098)a CBP data from SDEAIA were also used in other works.
(2009) used YohkgISXT data while Braia et al. (2001, 2002b Lorenc et al. (2012) discussed rotation of the solar corasat
2004); Vi&nak et al. (2003); \bhl et al. (2010) used SdHO-EH" on 69 structures from 674 images detected in 9.4 nm channel
observations. Kariyappa (2008) also used Hink@d full-disk USing an interactive method of detectlo'n. Dorotowi a]. (2014)
images to determine the solar rotation profile. presented a hybrid algorithm for detection and trackingBP€.

Mclintosh et al. (2014b) used detection algorithm preseined
their previous paper (Mcintosh & Gurman 2005) to identify
Send offprint requests to: D. Sudar, e-mail: davor.sudar@gmail.com CBPs in SDQAIA 19.4 nm channel and correlate their proper-

For further details about solar rotation, its importanaesfo
dynamo models, comparison betweeffatent sources see
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ties with those of giant convective cells. Using more 3BIA

data and extending analysis back to SOHO era, Mcintosh et
(2014a) concluded that CBPs almost exclusively form aroul 1500+t
the vertices of giant convective cells.
1000}

2. Data and reduction methods - 500f
We have used preliminary data from Atmospheric Imagir.gé ol
Assembly (AIA) instrument on board Solar DynamiceZ
Observatory (SDO) satellite (Lemen et al. 2012). The sp _500}
tial resolution of the instrument i80.6"/pixel. For comparison,
SOHQEIT resolution is 2.629pixel while Hinod¢XRT has a _1000}
resolution of 1.032/pixel.

To obtain positional information of coronal bright points  _;5q41

(CBPs) we used the segmentation algorithm which uses ti3e 1
nm AIA channel to search for localized, small intensity er
hancements in the EUV part of the spectrum compared to
smoothed background intensity. More details about thecdets
tion algorithm can be found in Martens et al. (2012) which
based on the algorithm by McIntosh & Gurman (2005).
This resulted in measurements of 66842 positions of 136
individual CBPs covering two days (1st and 2nd of Janua|
2011). Time interval between two successive images was
minutes. In top panel of Fig. 1 we show the distribution of dd
tected CBPs and compare it to the full disk image of the S
in the 19.3 nm channel obtained on 1st of January 2011 (bottj
panel of the same Figure). In the bottom panel white cirdiesss
CBPs that were detected on one image by the segmentation a
rithm. We can see that CBPs are scarce in active regiondy pa
because of diiculties in detecting them above such bright area
The segmentation algorithm provides coordinates in pixg
(centroids of CBPs on the image) and we converted them to
liographic coordinates taking into account current diséaof the
Sun given in FITS files (R&a et al. 1995, 1998). Positions of ob
jects on the limb of the Sun are fairly inaccurate. Limitirng t
data to+58from the centre of the Sun @¢0.85R,, of the pro-
jected solar disk removes this problem (cf. Balthasar €i%86).
As can be seen from Fig. 2, calculated velocities show so
scatter because the shifts are fairly small in a very shoe {iL0
min). Significant variations in brightness and structur€aPs
also |_nf|uence caI(_:uIat_lon O.f the centr0|_d pomt_s. Howetrends Fig. 1. Distribution of CBPs detected by the segmentation algorithm
are visible, especially in azimuthal motion which is knowrbe  (1op panel) and image of the Sun in the 19.3 nm channel obtained by

a significantly larger £ect. That is why we have chosen to apsSDQAIA on 1st of January 2011. White circles show detected CBPs
proximate the motion with a linear fit to calculate the veliesi: on this image (bottom panel).
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Y 1t' To obtain a true rotation of CBPs on the Sun we need to
Weyn = 2 @) convert synodic velocities to sidereal. For the transfaiomave
t) have used Eq. 7 from Skdket al. (2014).
i=1 Trying to identify the same object on subsequent images
with an automatic method is bound to result in some misiden-
N g bt — g,‘ b gt- tification. Resulting velocities are usually very large arah
e R Tt easily be removed by applying a simple filter for velocities
Wmer = N 2 (2) Even the human factor can introduce such errors. For exam-
Ny tiz _ (Z ti) ple, Sudar et al. (2014) analysed solar rotation residuats a
i=1 i=1 meridional motions of sunspot groups from the Greenwich
Photoheliographic Results and found that they have to use
wherewsy, is a synodic rotational velocityyme is @ meridional a filter 8< wrot <1%day? for rotational velocity in order
angular velocity; is central meridian distance (CMD) ail to eliminate these erroneous measurements. The Greenwich
is latitude of each measurement for a single CBP. We have aRiootoheliographic Results catalogue is being investijated
removed all CBPs which had less than 10 measurements of pesised partly in order to remove such problems (Willis et al
sition in order for linear fits to be more robust. This is eglent 2013a,b; Erwin et al. 2013). In this work we have also used a
to 100 minutes or aboutat the equator. 8< wror <19day* filter for rotational velocities to remove such
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outliers. In addition we applied a filter 4wme <4°day™ for Hiﬁggrapmzf I?)ngitutzi(eso[deg] wo e
meridional velocities because it also helps in removingatie
liers. Finally, we discarded all the CBPs with less than 1@meFig. 4. Distribution of rotation velocityd«) errors in heliographic co-
surements of position. ordinates. Error scale is inday?.
After completing all the procedures described above, we had
906 measurements of velocities obtained by tracing CBRssin j ) ) .
two days. Olemskoy & Kitchatinov (2005) pointed out that non_ In Fig. 3 we show errors of the calculated rotational veloci-
uniform distribution of tracers can result in false flowsisraf-  ti€s,wrat, for each CBP obtained with linear fitting of longitude
fect is most notable for meridional motion and rotation eelo VS time measurements. Although the errors can go updays*,
ity residuals, but can easily be removed by assigning theueal the majority is below day™. In Fig. 4 we show these errors in
lated velocity to the latitude of the first measurement oitpms heliographic coordinates to check their spatial distidon the
(Olemskoy & Kitchatinov 2005; Sudar et al. 2014). Anhougﬁolar surface. Larger errors are shown with brighter shadgls
the efect is negligible for solar rotation, we want to point outve can see that larger errors roughly correspond to active re
that we applied this correction even for rotation velocitgfijes ~9ions shown in the bottom panel of Fig. 1. This correlatiothwi
in this work. active region is probably a consequence of detection algori
Even when the tracers are uniformly distributed over the s@esign and dficulties involving detection of CBPs over bright
lar surface, the distribution of tracers over latitude vatog non- background.

uniform. As we move from equator to the pole, area of each lat- In Fig. 5 we show the distribution of CBPs in heliographic

itude bin becomes gradually smaller, so we would observe pfordinates with arrows showing the velocity vector. As ex-
gressively less tracers. pected, the dominant direction is that of solar rotation.

Latitudinal dependence of rotational velocity is usualy e
pressed as (Howard & Harvey 1970; Sater 1985):

3. Results . .
, _ , wret(b) = A+ Bsirf b + Csint*b, (3)

In this work we present the motion of CBPs obtained by

SDQAIA instrument. For better understanding of the results andhereb is the latitude. Parametérrepresents equatorial veloc-
potential of future studies, it is very useful to analysedleu- ity, while B and C depict the deviation from rigid body rota-
racy and errors of this dataset. tion. The problem with Eq. 3 is that functions in this expiess
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60 ‘ ‘ Table 1. Codficients of solar rotation profile.

g Type Alcdayl] B[°day] C[°dayT] n

40

A BC 14.440.10 +0.6+1.0 -4 /17 906
A, B=C  1459%0.07 -1.35%0.21 -1.3%0.21 906
2r 1 AB,C=0 1462008 -2.02033 0 906
g Northern hemisphere
2 o 1 AB,C 1443013 +08:15 -56&30 461
g A B=C 1455010 -13%0.35 -1.3%0.35 461
£ A B,C=0 145%0.10 -1.92052 0 461
57 1 Southern hemisphere
2 AB,C 14.5G0:0.15 +0.7+1.4 -4.8:2.3 445
a0 ] A B=C 1465011 -1.320.28 -1.320.28 445
A,B,C=0 14.6%0.12 -2.14045 O 445

-80
160 180 200 220 240 260 280 300 320 340
Heliographic longitude [deg]

Fig. 5. Distribution of CBPs in heliographic coordinates with arrow:s
showing the direction and strength of the velocity vector.
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Fig. 7. Comparison of three tferent fitting procedures for the solar dif-
ferential rotation profile. Average values®©fy in 5° bins in latitudep,

12re are also shown with their respective errors.

lor o e st , N ] In Fig. 6 we show individual measurements of rotational ve-
locities, wrqt, With respect to latitudeh, as open circles. With
. 3 . . a solid line we show the result of the best fit to the data of a
% 10 20 0 20 50 50 7o functional form given in Eq. 3. Cdkcients of the fit are given

b (degrees) in Table 1. We also fitted the rotation profile for Northern and
Fig.6. Solar diferential rotation profile obtained with data fromSouthern solar hemisphere separately because of possjie a
SDOAIA. Open circles are individual measurements, while the solignetry (cf.eg. Vbhl et al. 2010) and shown the results in the
line is the best fit defined by Eq. 3 for the# B # C case. same table. Cdicient A shows a larger value for the Southern
hemisphere for all 3 fit functions. JurdaBapt et al. (2011) re-
ported that coficient A is larger when solar activity is smaller.

are not orthogonal so parameters are not independent of eAérording to the SIDC data (SILSO World Data Center 2011)
other (Duvall & Svalgaard 1978; Snodgrass 1984; Snodgrasd& can see that Northern hemisphere is more active both when
Howard 1985; Snodgrass & Ulrich 1990). This crosstalk amor@oking at the monthly smoothed means and daily sunspot data
the codficients is particularity bad foB andC. The dfect of This fits the findings by Jurdaréept et al. (2011). However,
crosstalk does notfiect the actual shape of the fib(y (b)), but judging by the errors of the cicients, this diference between

it creates confusion when directly comparing fiméents from South and North is statistically low and the hypothesis thist
different authors or obtained byfidirent indicators. is a result of asymmetric solar activity needs to be verifiéth w

To alleviate this problem, frequently the paramegeis set @ larger data sample. . S
to zero since itsféect is noticeable only on higher latitudes. This  In Fig. 7 we show a comparison betweerfelient fitting
is almost a standard practise when observing rotation lojnga techniquesA # B # C (solid line), A # B = C (dashed line)
sunspots or sunspot groups because their positions do notdA # B, C = 0 (dotted line). In the same figure we also show
tend to high latitudes (Howard et al. 1984; Balthasar et386] average values abrq in bins 5 wide in latitude,b, with their
Pulkkinen & Tuominen 1998; Braa et al. 2002a; Sudar et al.respective errors.

2014).

Another method to reduce the crosstalk problem is to sgt
C/Bratio to some fixed value. Scherrer et al. (1980) set the ratio
C/B = 1 while Ulrich et al. (1988), after measuring the covariin Table 2 we show a comparison for solaffeliential profile
ance ofB andC, set the ratio teC/B = 1.0216295. (Eg. 3) from a number of dierent sources including the results

Discussion
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Table 2. Comparison with some other results.

Methodobject time period A[°day] B[°day] Cl°day'] Ag[°day’] Bg[°day?l Cg[°day’] Ref
CBPs 1967 14.680.2 14.65 1)
CBPs 1994-1997 14.39.01 -1.9%0.10 -2.430.17 13.80 -0.709 -0.117 2)
CBPs 1998-1999  14.454.027 -2.220.07 -2.220.07 13.82 -0.740 -0.106 (©)]
CBPs 1998-2006  14.499.006 -2.540.06 -0.740.09 13.93 -0.611 -0.037 4
CBPs 1-2Jan 2011 14.40.10 +0.6+1.0 -4 1.7 14.19 -0.507 -0.224 (5)
CBPs 1-2Jan 2011 14.%9.07 -1.3530.21 -1.3%0.21 14.20 -0.450 -0.064 (5)
CBPs 1-2Jan 2011 14.6R.08 -2.020.33 14.22 -0.404 (5)

sunspots 1853-1996  14.581.003 -2.750.05 13.98 -0.550 (6)
sunspots 1874-1976  14.580.006 -2.8%0.06 13.98 -0.574 (7)
sunspot groups 1878-2011  14.490005 -2.640.05 13.97 -0.528 (8)
sunspot groups 1880-1976 1443¥01 -2.59-0.16 13.85 -0.518 9)
sunspots 1921-1982  14.592004 -2.840.04 13.95 -0.568 (10)
sunspot groups 1921-1982 14.398010 -2.950.09 13.80 -0.590 (20)
Ha filaments 1972-1987 14.49.15 -0.1%0.90 -3.620.90 14.11 -0.514 -0.176 (11)
magnetic features  1967-1980  14.30/005 -1.980.06 -2.150.11 13.73 -0.683 -0.102 (12)
magnetic features ~ 1975-1991 14402 -2.0@0.13 -2.020.15 13.84 -0.679 -0.100 (13)
Doppler 1966-1968  13.76 -1.74 -2.19 13.22 -0.640 -0.104 (14)
Doppler 1967-1984  14.05 -1.49 -2.61 13.53 -0.646 -0.124 (15)

References. (1) Dupree & Henze (1972); (2) Hara (2009); (3) Bsajet al. (2004); (4) \bhl et al. (2010); (5) this paper; (6) Pulkkinen &
Tuominen (1998); (7) Balthasar et al. (1986); (8) Sudar et al.4Rq®) Brafga et al. (2002a); (10) Howard et al. (1984) (11) Beagt al. (1991);
(12) Snodgrass (1983); (13) Komm et al. (1993); (14) Howarda&udy (1970); (15) Snodgrass (1984);

from this paper (Table 1). Since we found no statisticalgpn#i 5. Summary and Conclusion

icant diference between Northern and Southern hemisphere we

only include the results for both hemispheres combinedulges Using preliminary results from SD@IA instrument we iden-

in Table 2 come from a wide variety offiérent techniques, trac- tified a large number of CBPs which resulted in 906 rotation

ers and instruments. velocity measurements. We obtained a fairly goofiledential
Snodgrass (1984) suggested that the rotation profile shoatgar rotation profile in spite of the fact that we used dadanfr

be expressed in terms of Gegenbauer polynomials since theytao days only.

orthogonal on the disk. This eliminates the cross-talk b cps are also very good tracers since they extend to much
between coficients in Eg. 3. Using the expansion in terms ofjigher latitudes than sunspots. They are also quite nuraénou
Gegenbauer polynomials solar rotation profile becomes: all phases of the solar cycle while sunspots are often atisent

wrat(b) = AcTE(sinb) + BeTA(sinb) + CoTH(sinb), (4) the minimum of the cycle.

. . . We will also investigate the potential of preliminary
whereAg, B andCg are codficients of expansion an'Eg(smb), SDQAIA CBP data to determine meridional motions, rotation

T5(sinb) andT,(sinb) are Gegenbauer polynomials as definege|ocity residuals, Reynolds stresses arfiidion in subsequent
by Snodgrass & Howard (1985) in their equation (2). Ooapers.
)

As Snodgrass & Howard (1985); Snodgrass & Ulrich (199 . ) ) L .
pointed out, the relationship between ffagents A, B and C It is quite conceivable that errors of thefidrential rotation
from standard rotation profile (Eq. 3) and Gogents Ag, Bg profile codficients would drop significantly when more data is
andCg from Eq. 4 is linear. Therefore, it is not necessary to réf‘-sed' From our analysis, we can expect to obtain 400-500 ve-

calculate the fits with expansion to Gegenbauer polynognigds 10City measurements per day. Time interval of 4 months seems
can just calculatés, Bg andCg from A, B andC. We used the adequate to obtain 50000 velocity measurements which ghoul

relationship given in Snodgrass & Howard (1985) (their digua be suficient to match thg most accurate results obtained by tracer
(4)) since there seems to be a typo for a similar relationfhip Methods (for example hl et al. (2010)). Moreover, the spatial
codficientsC andCg in Snodgrass & Ulrich (1990). In Table oresolution of SD(Z_AIA is better than comparable instruments
we also show the values of diieientsAg, Bg andCg. (SOHQEIT and Hinod¢XRT).

Results in this paper roughly match all other previously-pub  This opens up an intriguing possibility to measure solar ro-
lished works. The accuracy of déieients is lower when com- tation profile almost from one month to the next. Such studies
pared with other results which is a consequence of fairlylismaould provide new insight into mechanisms responsible der s
number of data pointsi(= 906). For example \&hl et al. (2010) lar rotation. We already know that meridional motion extsbi
had more than 50000 data points in the time interval of 8 yeasdme changes during the course of the solar cycle and the same
However, we used the data spanning only 2 days. It is conceisprobably true for Reynolds stress. Sudar et al. (2014)dday
able that with AIASDO CBP data we could reach 50000 dataveraging almost 150 years of sunspot data that meridional m
points in only 4 months and achieve similar accuracy in saar tion is slightly changing within the solar cycle and hintdwtt
tation profile coéicients. This means that with AJ&DO data the Reynolds stresses are probably changing too. We have als
it is possible to measure rotation profile several times gary found a small asymmetry in rotation profile for two solar hemi
and track possible changes in solar surfadiedintial rotation spheres and suggested that this might be relatedfereint so-
directly with a very simple tracer method. This is also trae f lar activity on the hemispheres. This needs to be verifiet wit
meridional motion and Reynolds stress, both of which probabarger dataset becausdfdrence in rotation profiles are of low
vary within the solar cycle (cf. e.g Sudar et al. 2014). statistical significance. Having more detailed temporabhe-
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tion and direct results (without the need to average margr sotix, M. 2004, The sun : an introduction, 2nd ed., by Michat.S\stronomy

cycles) could prove to be very informative. and astrophysics library, Berlin: Springer, 2004. ISBN43307414
Planned SDO mission duration of 5-10 years will cover%fjdg;f" Skok, I., Ruzdjak, ., Braga, R., & Wohl, H. 2014, MNRAS, 439,

large portion of t_he solar cycle Wh'Ch would res_u“ IN €nouMO0 yrich, R. K., Boyden, J. E., Webster, L., Padilla, S. P., &8grass, H. B. 1988

amount of velocity data and help in understanding the naifire  sol. Phys., 117, 291

solar rotation profile. Vrsnak, B., Braa, R., Wohl, H., et al. 2003, A&A, 404, 1117

Time interval of 10 minutes between successive images aW%gbe-MM- f}‘o'?f‘évyvaﬁ.d’ERﬁzﬁev’oiﬂ' ghyest”ailegozfsla Sol. Phys. 288, 117
offers a good opportunity to study the evolution of CBPs armnis: D. M. Henwood, R., Wild, M. N., et al. 2013b, Sol. Péy 288, 141

possible &ect this might have on detected solar surface velogrshl, H., Braga, R., Hansimeier, A., & Gissot, S. F. 2010, A&A, 520, A29
ity fields. For example \Anak et al. (2003) reported that longer
lasting CBPs show dierent results than short-lived CBPs.

i
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