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Abstract. We present new, seeing-limited Imaging Fabry-Perotcent star formation activity in th& G region. Herschel 36
spectroscopic observations in the [OIII]50°0I7ne inthe Hour- (Her 36), anD7V type star, located Y5west of the waist of the
glass region of the Lagoon nebula. As many as 900 line profilBg=, is found to be responsible for ionizing the region (while
were obtained in a region of £1’ surrounding the Hourglass,the extended region of the Lagoon nebula is ionized byQhe
each one representing a spatial element’of2’. We find ex- type stars, 9 Sgrand HD165052) (Woolf 1961; Elliot et al. 1984;
pansion of the HIl region and high velocities upt85kms™!, White et al. 1997). It is evident that the region of tHe&: and
which indicate Champagne flow. Our observations constrain tHer 36 is very young~ 10*yr (Woolf, 1961; Chakraborty &
orientation of cavities in the Hourglass relative to the line gfnandarao, 1997).
sight. We identify three kinematically distinct regions in and The kinematic studies made earlier on M 8 using optical
around the Hourglass. Further, we studied turbulence in thmission lines covered the entire extent of the nebula at a rather
Hourglass region by computing the structure function usingl@w spatial resolution (Bohuski 1973; Goudis & Meaburn 1976;
larger set of data points at a resolution 6f We find a power Elliot et al. 1984; Hanel 1987). These studies revealed asym-
index of 0.46 for the structure function which is in variance witmetric or two-component line profiles of relatively large widths,
Kolmogoroff's theory. except towards 9 Sgr (O'Dell et al. 1987). Hanel (1987) reached
a general conclusion that the kinematics of the nebula cannot
Key words: ISM: individual objects M 8 — line: profiles — be explained by a simple model that assumes spherically sym-
turbulence — ISM: kinematics and dynamics metric expansion. Recently Chakraborty & Anandarao (1997,
hereafterC A) found evidence for asymmetric expansion and
Champagne flow from their [NI11] line velocity field observations
of the HG region. These results lend support to the structural
complexities of the region as revealed in the HST image of the
The Lagoon nebula (M 8), one of the closest and the brighf-G and Her 36 (Ref. STScl Homepage). We present here new
est galactic Hll regions, is located at a distance of 1.5 kpc kinematic observations covering the region of i€’ and Her
the Sagittarius/Carina spiral arm of the Galaxy (Georgelin 6 in the [OI1I]5007 emission line using an imaging Fabry-
Georgelin 1976). It consists of a Hll region (NGC 6523) and @erot spectrometer {"P.5) in the continuous scanning mode.
young (2¢<10° yr; Lang 1991) open cluster, NGC6530. The clusSuch a data base is currently non-existent and is necessary to
ter is at the centre of the Sgr OB1 association and is extensiv@gt an insight into the dynamics of the high excitation regions
studied by van Altena & Jones (1972). The prominent merift the Her 36 bubble. It also gives us an opportunity to study the
bers of the cluster are th@ type stars, 9 Sgr and HD165052turbulence in the region which was not done so far. Further, we
A structure, called “the HourglassH(G), having the highest can compare the dynamics of high excitation regions with the
surface brightness and an angular extent ¢fi@dthe N'S and relatively low excitation regions probed by the [NII] lin€'@).
15" in the EW, is situated near the centre of the optical neb$ect. 2 describes the observations and data analysis. Sect. 3 de-
losity of M 8 (Lada et al. 1976). The study of Woodward et afails the results obtained and we discuss these results in Sect. 4.
(1986) showed that th& G is seen in the optical wavelengthsConclusions are given in Sect. S.
as a bipolar structure, due to varying extinction along the line
of sight. Further, Woodward et al. (1990) showed evidence far Observations and data analysis

1. Introduction

Send offprint requests tdnandarao (anand@prl.ernet.in) The regions of thedHG and Her 36 were observed in the
* Present Addresdnter-University Centre for Astronomy and As- [O”|]5007A emission line using the Imaging Fabry-Perot Spec-
trophysics, Ganeshkhind, Pune — 411007, India trometer ( FPS, Seema et al. 1992). THé"PS was attached

(abhijit@iucaa.ernet.in) at the cassegrain focus (f/13 beam) of the 1.2m telescope at
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fitting software (Anandarao & Rao 1985) to obtain peak posi-
tion, amplitude and width. The wavelength calibration was done
from interferograms recorded on standard laboratory sources.
As a confirmatory test, we have made FPS observations towards
9 Sgr for which the radial velocity is known in the literature (EI-
liotetal. 1984; O'Dell et al. 1987) along with Her 36 and found
that their radial velocities are the same within errors of observa-
tion. From our analysis, we obtain a [OllI] heliocentric velocity
of —5.0+ 2kms™! for Her 36. The peak positions in terms of
heliocentric velocity at different points were then determined
using the calibration on Her 36. The error in finding the peak
positions (centroiding) was 2 kms~!. Since the spectral line
was under-sampled in steps of instrumental width (12kh),s

it would probably be inappropriate to comment on blended or
asymmetric lines within 12 knts . However, split profiles with
components separated by 20 ki sor more were considered
for discussion.

integrated counts

3. Results and discussion

relative velocity (km/s)

. Our observations revealed a variety of line profile shapes which
Fig. 1. The instrumental profile at 5025 included symmetric and single component profiles, asymmet-
ric profiles, and clearly split multicomponent profiles (the full
Mt.Abu, India. The observations were made in steady sky casample is given in Chakraborty 1997). The number of the clear
ditions with a seeing of’2 The object was guided by an offsetouble (75) or triple (9) peaked profiles constitutes only a small
star (9 Sgr), ensuring tracking accuracies 6f 1 fraction of the total number (900) observed. Fig. 2 shows a sam-
A piezo-electrically controlled Fabry-Perot etalon of cavitple of twelve line profiles, the spatial positions of which are
gap of 41eum (corresponding to a free spectral ranger) of marked on the top of the plots as offsets in RA and Dec in arc-
180kms! at 50073\) was used. It was found that the stabilitysec measured from Her 36. The velocity scale is shown in he-
of the etalon was better than 1 km's The etalon had an overallliocentric values. One can notice in the figure the unambiguous
effective finesse of 15 and a velocity resolution of 12 krth.#\  split in some of the line profiles with peak-to-peak separations
data cube was generated in wavelength by scanning the etalbmore than 20 km's!. For comparison, a single component
for one fsr with a step increment of 12 knt$. Thus, the raw profile is shown at the top left corner of the figure. A few sam-
data cube consists of 15 interferograms and represents a rapies of more complex triple component profiles are also shown;
under-sampled spectral data. This under-sampling was for¢eavever, such profiles are very few and found in a small clumpy
due to the unpredictability of the sky conditions in India duringegion about 5 arcsec south-east of Her 36.
summer months when the objectis accessible. The criterion wasFig. 3 shows a velocity map of the region constructed from
to complete observations in a single, clear and steady night witle peak positions of the primary components of the line pro-
agood seeing. The images were recorded on an Imaging Phdiias. The heliocentric velocity contours are labeled in krh.s
Detector (IPD) manufactured by Photek Ltd., UK. Each of thehe X — andY —axes are the offsets in right ascension and dec-
raw images was digitized by a software (supplied by Photek)lination respectively (given in arcsec from Her 36; positive sign
obtain an array of siz812 x 512, with a pixel size of 35um represents West in RA and North in Dec). An HST [OIII] im-
which corresponds to one arcsec on the sky. age of theH G region (obtained from the STScl homepage) is
Each interferogram was integrated for 10 mt to achieveaégso shown superposed on the velocity map in the figure. The
S/N ratio of 20 to 30. Dark frames of equal integration timeelocity map identifies three kinematically distinct regions: (a)
were also recorded before and after the observations. A mélam NorthernH G (N HG), (b) the Southerd G (SHG) and
of such dark frames was subtracted from each of the 15 inttre region south of Her 36, and (c) the region west of Her 36.
ferograms. These dark-subtracted interferograms were usetMioile the N HG region shows positive radial velocities upto
build up phase-corrected line profiles for every2(2”x2") 15kms!, the SHG and the region south of Her 36 show dis-
pixels by the process described by Atherton et al. (1982).tiuct split profiles and negative velocities upt@5 kms . Re-
phase-corrected instrumental profile generated from 15 stgiens west of Her 36 show velocities uptal7kms!. The
dard interferograms on the Hel line 5085 shown in Fig. 1. velocity gradient fromV HG to S HG was found to be smooth
We processed a total of 900 profiles over a matrix size of@0 and gradual.
pixels (¥ x 1) covering the region off G and Her 36. Assuming In the following subsections, we discuss three important
that an emission line profile is represented by a gaussian, easpects of our resultsjz. the expansion of the HIl region, the
of the observed profiles was analysed using a multi-gausskdgh velocity flows and the turbulence characterization.
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Fig. 2.A sample ofthe [OI1]]5002 pro-
files at various spatial positions (given
on top of each profile in arcsecs with

100

0

~100 =50 0 50 100 ~100 =50 0 50 100 —100 -50 o so 100 reference to the star Her 36; positive is
relative velocity (km/s) West in RA and South in Dec).
3.1. Expansion of the Hll region in [Olll] the N HG, in contrast to those having negative velocities upto

o . : . —35kms! seen in a region south of Her 36. Further, split pro-
E.xpansmn IS an.|mportant phase in the evolution of an Hll "files with components separated by 20 to 30 krhwere found

gion en_1bedded Ina glan.t m_olec;ular cloqd, S.UCh asHI@ I in the SHG. The split profiles (Fig. 2) observed towards the
found, it tells us that the ionization front is still destroying th%‘HG and to the south of Her 36 could be due to two flows along

LI el ot el e Bresure ALYl e ofsgn,an ciferent oppler vlocy ek, Ear
observed kinematic differences between M& G, the SHG Ieron, it was proposed by some authors (Dyson 1975; Dopita

and the region west of Her 36 seem to indicate considera@#eal' 1974) that the split profiles are indicative of the presence

s . : partially ionized globules (PIGs). However, splits of more
expansionin thé/ G; region. As already mentioned, mass ﬂOwﬁm':m 20km s found here may need an alternative explanation
of positive velocities upto +15knts were observed towards '
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Fig. 3.[OIII]5007A velocity field of the
Hourglass region. The values show he-
liocentric velocities. The [Olll] image
taken from HST archive is also shown
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___________ . (in negative) superposed on the velocity
—-30 \1\\\\\7‘20\\\\\\1\3 HH\HHM\HHM1‘\/\//\7HH\‘ \\H\\\io map. The diffuse dark spotat (0,0) is Her
RA offset in arcsecs 36. North is up and East is to the left.

Yorke et al. (1984) showed in their model computations that tle&cept that in there, the line of sight velocities are positive. We
line splits are “not always indicative of blobs or filaments™find velocities of 10 to 15 kms' towards the northern edge of
These authors suggested that the splits could be “a result sha HG. The gradual change of velocities frorb kms! in
point of inflection in the projected line of sight velocity”, leadthe centralH G to 15kms! in the N HG could be due to the
ing to longer integration paths at a particular Doppler-shifteatientation of cavities. If the opening of the cavity covering the
velocity. At some positions, especially towards the south-egsirtions of the centraHG and N HG is perpendicular, then
of Her 36, more complex, three-component line profiles wetiee projected velocity of the flow entering the cavity should
observed, indicating the presence of multiple flows overlappibg small. Our observations further suggest the presence of a
along the line of sight. The HST [OIlI] overlap shows clumpsavity towards the northern edge HiG into which the matter
of emitting matter occurring at about the same position as tiseflowing with velocities of 10 to 15 kms'.
multiple profiles. Such a complex structure was also found in It may be appropriate to compare the results on the [NII]
CO emission lines (White et al. 1997). It should be pointed ou¢locity field obtained by’ A with the [Olll] results presented
that one of the components in the double-peaked line profileare, with some caution due to the fact thatthe former has alower
is red-shifted while the other is blue-shifted with respect to Hepatial sampling but higher spectral resolution than the latter. We
36. The positive component of the split line profiles could Hind that there is a general agreement between the two results,
due to the receding flow going into the cavity 8 G. Thus, although the [NII]field shows higher velocities w.r.t the star Her
the split profiles observed towardd G and the south of Her 36. This can be attributed to the velocity stratification found also
36 show an evidence of rapid expansion of the Her 36 bubbl| several other HIl regions like the Orion nebula(Dopita et al.
A moderate velocity of-17 kms ! was detected towards1974; O’Dell 1994). Such a stratification can be demonstrated
the west of Her 36. However, we do not find split profiles iby computing the regions of maximum emission for dominant
this region. This could be due either to the absence of one of thes. Using the photoionization code CLOUDY (version 90.4),
flows or to the fact that the projected velocity separations of thee have computed the radial distribution of the volume emis-
components could be much less than twice the sampling stepsixéies of the Hy, [Olll], [NII], and [SII] lines. A filling factor
of 12kms™!. A similar situation prevails in the region 8 HG  of unity was assumed in a spherically symmetric nebula with
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3.2. High velocity regions and champagne flow

The present observations of [Olll] reveal some high velocity
flows at certain places manifested as the primary components
in the line profiles. As mentioned earlier, we find high velocity
flows, upto—30 kms™! w.r.t. Her 36, towards the south of Her
36 near the southern lobe of tl&G. Dyson (1975) showed
that the flows from partially ionized globules could not possi-
bly account for velocities larger than the local sound speed(
10kms1). Alternatively, the high velocities may be attributed
. to the interaction of the expanding ionization front with the low

bg® 20 T density regions. Franco et al. (1990) showed that an expand-
L/ ing HIl region can give rise to velocities up to 50 km'swhile

encountering a cloud edge, depending upon the steepness of
o the negative density gradient. Such a flow is terme@laam-

g pagnelow (Tenorio-Tagle 1979; Yorke etal. 1984; Yorke 1986).
oo | ‘ Thus, the high velocities particularly observed south of Her 36
(Fig. 3) indicate the presence of Champagne flow in Hh@
region. More recently, stellar winds from OB stars are shown
to play a significant role in shaping the HIl regions (Garcia-
Segura & Franco 1996; Comeron 1997), especially in produc-

ing much higher velocities and greater blow-up sizes than the
24 15 16 17 18 19 models which consider the Champagne flow only. However, the
log () projected velocities observed by us are within the limits of the
Fig. 4. Volume emissivityE (in ergs/cri/sec) as a function of ra- maximum velocmgs Fe).(pected' from th? Champagne flow mod-
dial distance (in cm) for K(solid curve), [Olll}(dashed), [NIl](dash- els. Therefore, whileitis Certalnly pOSSlb'e that the stellar winds
dotted), and [SII](dotted) lines. might have contributed to the shaping of the HIl region, it may
be unlikely that the observed high velocity flows are due to the
winds.
It may be noted here that the high velocity flows reported by

_ . Pulfin the [NI1] line observations were seen in the secondary
and a particle number density of 1000tincentered around components, in contrast with the [Oll] results. This can possibly

Her 36. Although the spherical symmetry is an over-simplifi§gh, Juihuted to the fact that the two lines arise in two different

assumption, it represents reasonably well the expanding frpmtions having different physical conditions in the two emitting

of the region (i.e., the Champagne flow). Fig. 4 shows a pl\%lumes (Yorke et al. 1984)

of the volume emissivity distribution for various ions. We find From the work of'Woodv;/ard etal. (1986), it is evident that
thf”‘t the. [NII]_er_n|SS|0_n IS most prom!ne.nt in a rather Spat'a”ﬁﬁeHG region suffers spatially varying extinction which leads
thin region W't,h'n Wh'?h the [O”I] emission strength falls V€Yo the appearance of the Hll region differently in different emis-
steeply. In spite of this spatial stratification, one common fegiyp, |ines. These authors point out further that the [Ol11] line
ture in the velocity f_lelds of the two iong(A and the present ¢\« 5 7 times more attenuation in tNe G region than in
work) is the expansion of gas around Her 36. the SHG region. Itis therefore quite possible that the differen-

. . 1 SNt Wag,| extinction could play a significant role in shaping the line
given by Goudis & Meaburn (1976) aslkms™. This is rofiles. Unless the extinction measurements are also available

in good agreement with the value for the CO lines that caipigh spatial resolution, modelling of the line profiles becomes
be deduced from the results of White et al. (1997), ass“m'egnsiderably inaccurate.

that their value representsr value (Elliot et al. (1984) give
Visr = Vel + 11.7kms™1). In comparison, our value for the
[Olll]is —5km s~ in the Her 36 region. It appears, therefore3-3. Turbulence

that there is no substantial relative velocity between the neutr|splence in interstellar matter was inferred when random spa-
and ions. However, the internal motions are quite significagl) yariations in radial velocity were detected (ich 1958).
relative to the star Her 36 for both the species which can be jfyther, the widthw of emission lines is usually much larger
terpreted, in both cases, as expansion of the nebula. White efial, the thermal component and the contribution due to expan-
(1997) chose to interpret the extended wings of molecular (G4, it present. If the mass flow gradients and expansion are

line profiles as indicative of expansion rather than outflows pf,oved then the line width can be decomposed asng¥l
shock origin (note the absence of molecular hydrogen emissiofygg ’

Hence, these results (ours and those of White et al.'s) broadly
agree with the 3-D model due to Woodward et al. (1986). W2 = W3 .,mat + Wiibuience (1)
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Fig. 5. The structure functiod3(r) is shown as function of linear sepa-

ration of the velocities observed towards fié region. The velocities Fig. 6. The 2-dimensional autocorrelation functiofi¢' /') around Her

correspond to the peak positions (of the primary components) of @& TheX —axis andY —axis are the lags in arcsecs in RA (positive

observed [OIII]SOOi\ line profiles. West) and Dec (positive North) respectively. The values on the contours
should be divided by 100. The correlations are w.r.t. the central star.

, The full curves are positive correlations and the dotted curves at the
The works of Roy & Joncas (1984, 1985), O'Dell (1986) angottom right corner are negative correlations.

Castaneda (1988) showed quantitative evidence for the presence
of turbulence in HIl regions. A second order structure function

5(r) can be defined as follows (assuming it to be independggiations all over the velocity field and subtracting velocities
of position and direction in space, Kaplan & Kahn 1966): i, excess of half the instrumental width, namely 6 km.sThe

I oo e 2 resultant ‘gradient-free’ velocity map was then used to obtain

B(r) = [o(r") —v(r")] @) the structure function. The difference between the two com-
The structure functiomB(r) is a good measure of fine scalgutations was found to be significant only at large scale sizes.
motions across the nebula. It involves differences of radial vEable 1 gives values dB(r) at differentr along with number
locity at neighboring points separated by the scalersizér”  of pointsN considered. The largest scale size considered was
and thus the systematic flows are normalized to a greater ext&6t. with 900 possible combinations. Though the data points
The correlation is based on the following assumptions: (a) trak at 1 resolution, we took the smallest values foto be
the turbulence is homogeneous and isotropic, (b) that the fl&d due to the seeing limitations. Thuswas varied from 2
is incompressible (constant density), and (c) that the sharp di302 pc) to 30 (0.30pc). Scale sizes larger than’3@ere
continuities in the gas motions like shock waves are neglectedt considered because of the smaller number of data points.

The correlation method was successfully applied to a num-plot of log(r) versuslog(B(r)) is shown in Fig. 4. The er-
ber of Hll regions like M42 (Minch 1958; Castaneda 1988), M 8ors in the structure function are estimated by using the relation
(O'Dell et al. 1987), and S142 and M17 (Roy & Joncas 1985B(r) = B(r)/v/N. The uncertainty in velocity centroiding
Joncas & Roy 1986). These authors pointed out that small sdagéng approximately the same at all positions, the uncertainty
velocity fluctuations and inadequate number of data points farB(r) is assumed to be solely decided by the number of sam-
the larger scale sizes can affect the accuracy of determinates considered for its computation.
of the structure function and define its limit. We found the slope to be 0.46, in quite contrast with the the-

We determined the structure function in tHe> region us- oretically expected value of 2/3 or 0.67 (Kaplan & Kahn 1966).
ing 3721 velocity points (representing the primary componeniBhe possible reasons for the discrepancy can be that the nebular
derived from a grid of 61x61” of the [Olll] observations at a gas may not satisfy the assumptions made for the determination
spatial resolution of4, for the sake of better statistical weigh-of the structure function. Further, it can be noticed from the fig-
tage. First we computed the function without removing systemre that there could be different gradients at different ranges of
atic flows or velocity gradients from the data. Then we removeadale sizes. The slope seems to steepen after a particular value
these components by systematically combing the data usingfa ~ 0.12 pc ¢ 15 arcsec). Such a trend was also reported
linear kernel of size varied from 2 to 4 arcsec in different conin the earlier studies on other HIl regions, indicating that the
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Table 1.The structure function for different values of

r(arcsecs) B(r)(km?sec?) N(total points) r(arcsecs) B(r)(km?sec?) N(total points)

2 85 3364 16 201 1936
3 95 3249 17 205 1849
4 108 3136 18 210 1764
5 125 3025 19 218 1681
6 133 2916 20 229 1600
7 142 2809 21 236 1521
8 151 2704 22 244 1444
9 158 2601 23 257 1369
10 168 2500 24 265 1296
11 176 2401 25 272 1225
12 176 2304 26 275 1156
13 182 2209 27 277 1089
14 183 2116 28 277 1024
15 191 2025 29 278 961
30 278 900

turbulent energy is input at more than one scale size. It is iif1-985) argued that the Kelvin-Helmholtz instability can be a
portant to note here that O’'Dell's (1986) study of turbulencgause of turbulence in Hll regions with evolved Champagne
showed that the slope varies from 0.18 to 0.45 for different Hibw (like in S142). However, they have shown that such a pro-
regions, in sharp contrast to the theoretically expected valuecebs needs. 10° years to grow. Since the age BIG region
0.67. O'Dell et al. (1987) obtained a similar value for the regiois estimated to be a few timé®* yr (Woolf 1961;C A), it is
around 9 Sgr in M 8, like the one obtained by us for #i& unlikely that such a process is the principal cause for the genera-
region. tion of turbulence in the HIl region of Her 36. The other possible
Alternatively, the change in the slopeBfr) beyond 0.12 pc cause for the generation of turbulence could be the clumpiness
could be due to large scale velocity gradients which remainefithe HIl region of Her 36. The shear between the flows of ion-
possibly as residuals inspite of our attempt to remove the gized matter from dense clumps (or partially ionized globules)
dients. It was suggested by Kleiner & Dickman (1985) that tlean give rise to a turbulent medium (Roy & Joncas 1985).
2-Dimensional (2-D) autocorrelation functiod ' F') would
be able to bring out well such residual gradients if present jn conclusions
the velocity fields. We have computed tA€'F for our veloc-
ity field in the region of30” x 30" around Her 36 using the The important conclusions of the paper are as follows:

methodology of Kleiner & Dickman (1985). Fig. 6 shows the 2y - Ny, seeing-limited [OIIl] velocity field observations on

D ACF around Her 36. Th& —axis andY —axis are the lags 0 y6rglass region of M 8 were made using an Imaging
(in arcsec) in the RA and Dec. Note the extent of significant Fabry-Perot Spectrometer

values (1/e value = 0.36) of th&C'F" stretching upto abow0”

in RA but limited to10” — 15” in Dec. The average 1/e value
turns out to be- 15 arcsec{ 0.12 pc). Notice also the signif- 5 These results are in general agreement with our earlier
icant correlations at the outer regions in the north-east region

. . . : observations on [NII] velocity field.
and the. antl—cqrrelat|ons in the south-west regions. The ang- 5, results showed three kinematically distinct regions in
correlation regions suggest the presence of residual large scaleand around thél &

velocity gradient.s (cf. the large negative velocities in Fig. :”,)' V\_/ﬁ. The structure function characterizing the turbulence in the
conclude from Figs. 5 and 6 that the turbulence characterization HG region showed a power index of 0.46. We find a distinct
upto about 0.12 pc around Her 36 is well brought abouBiy)
but the change in the gradient beyond that value (Fig. 5) could
be due to residual large scale velocity gradients.

The source of turbulence in HIl regions is an open topic.
It is clear that turbulence needs a constant supply of energy to
survive. Such energies usually come from velocity fluctuatiomsknowledgementsNe thank R.T. Patel and C. Muthu for their help
causing shear in the mean flow (Tennekes & Lumley 1972ring observations. This work is supported by the Department of
Density fluctuations within the medium can also cause velocigpace, Govt. of India. We thank Prof. Gary Ferland for providing the
fluctuations. A clumpy medium can thus be a source of tUpLOUDY code to the community at large. We thank the anonymous

bulence. Based upon the work of Scalo (1984), Roy & Joncrg]%eree for having brought our attention to the 24D'F’ and for many
' other constructive comments on an earlier version.

2. The observations showed expansion of the HIl region and
high velocities up to—-35kms™! indicating Champagne

indication that the index steepens beyond the scale size of
about 0.12 pc. However, the steepening could as well be due
to residual velocity gradients as indicated in our 4D'F'

ma
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