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SHIELD Science Questions
• Science Question A: 

What is the global structure of the heliosphere?

• Science Question B:
How do Pick-Up Ions evolve from “cradle to grave”?
• Science Question C: 

How does the heliosphere interact with and influence the interstellar medium   
(ISM)?
• Science Question D: 

How do cosmic rays get filtered by and transported through the 
heliosphere
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There is a Current Debate on Shape of the Heliosphere

This question is one that 
will be addressed in 
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Concepts of the Heliosphere: Classic works of 50-60’s

Weak Interstellar Magnetic Field Strong Interstellar Magnetic Field 

Parker (1961) 



Working Paradigm: Long Comet-like Tail
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15,160 BARANOV AND MALAMA: MODEL OF SOLAR WIND/LOCAL INTERSTELLAR MEDIUM INTERACTION 

method (the results of the third step practically coincide with the 
results of the fourth one). Figure 2 demonstrates the 
geometrical pattern of the flow (shocks, heliopause, wake or tail 
structure, and sonic lines) in the XOZ plane, where the Oz axis 
coincides with axis of symmetry and is antiparallel to the vector 
of the LISM's velocity V, (the Sun is in the center of 
coordinate system). The Ox axis is normal to the Oz axis. The 
solid lines are our results for the H atoms number density nil, 
-- 0.14 cm -3 in the unperturbed LISM, while the dotted lines are 
those for nil, - 0. One can see from Figure 2 that neutral H 
atoms, moving from the LISM to the solar system, have 
important effect on the pattern of the flow. The interface region Vsw 
(between the bow shock BS and the termination shock TS) is 
shit•ed toward the Sun by resonance charge exchange processes. vo. 

The H atoms-plasma coupling in the tail region of the solar 20- 
wind plasma results in the decrease of the Vz component and 
temperature by the factors of • 7 and • 4 respectively. It 
leads to the decrease of the Maeh number from • 2.1 to • 
0.6 (near the heliopause). We have performed also such 
calculations in the gasdynamical approximation similar to that of 

10- Baranov et al. [1981], but for all region 0 < 0 < •r. 
Results of these Monte Carlo and gasdynamical calculations 
agree qualitatively, but the quantitative effect in the latter ease 
is substantially smaller due to neglecting of the secondary H 
atoms. As a consequence the complicated structure of the tail 
flow at nil, = 0, consisting of reflected shock (RS), tangential 0 - 
discontinuity (TD), and termination shock turning into the Mach 
disc (MD) at point A (Figure 2), disappears at na, =0.14 em 4, 
and the flow in the all region between HP and TS is subsonic in 
this ease. One can also see that for n., = 0.14 em -• the 
helioeentrie distance of the termination shock in the upwind 
direction (0 = 0, where 0 is the polar angle counted of the Oz 
axis) is about 2.5 times less than that in downwind direction (0 
= 180ø), i.e., about 100 AU and 250 AU respectively (Figure 
2). This ratio as well as the helioeentrie distances is larger, if 
nil, = 0. P sw 

There are two physical aspects of the neutrals-plasma 
interaction: the influence of H-atoms on the distribution of Po• 
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Fig. 2. Geometrical pattern of the interface. Results of the numerical 
calculations for nu. = 0 (1) and nu. = 0.14 cm" (2); curves (3) are 
the sonic lines. Positions of bow shock (B5), termination shock (T5), 
hellopause (HP), reflected shock (RS), tangential discontinuity (TD), and 
Mach disc (MD) are shown. 

plasma component parameters and the influence of 
hydrodynamic plasma flow on the penetration of H atoms into 
the solar wind. Figures 3 and 4 show distributions of plasma 
component parameters (velocity and number density) as a 
function of the helioeentrie distance for polar angles 0 = 0 
(upwind direction) and 0 = 90 ø. The location of the 
heliopause HP separates the left scale (for solar wind 
parameters) and the right scale (the parameters of the LISM 
plasma component). The effect of the neutral solar wind 
H-atoms (Hsw), considered fzrst time by Gruntman [1981], is 
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Fig. 3. Velocities of the solar wind and the LISM's plasma component 
as functions of heliocentric distance r for polar angle 0=0 and 
0=90ø; respective positions of TS, HP, and B5 are shown by arrows. 
The location of the heliopause HP separates the leR scale (for solar wind 
parameters) and the fight scale (for parameters of the LISM plasma 
component). 
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Fig. 4. Densities of the solar wind and the LISM's plasma component 
as functions of h½liocentric distance r for of polar angle 0=0 and 
0=90ø; respective positions of TS, HP, and B5 are shown by arrows. 
The location of the hellopause HP separates the left scale (for solar wind 
parameters) and the right scale (for parameters of the LISM plasma 
component). 

Baranov & Malama (1993) – Hydrodynamic calculations



Assumption is that the 
solar magnetic field has 
a negligible role 

Probably because in the 
heliosheath, the plasma 
b =PT/PB >> 1

equations with corresponding source terms describing neutral-
ion charge exchange.

The inner boundary of our domain is a sphere at 30 AU and
the outer boundary is at x = ±1500 AU, y = ±1500 AU,
z = ±1500 AU. Parameters of the solar wind at the
innerboundary at 30 AU are vSW = 417 km s−1,
nSW = 8.74 × 10−3 cm−3, TSW = 1.087 × 105 K (OMNI solar
data, http://omniweb.gsfc.nasa.gov/). The Mach number of the
solar wind is 7.5 and is therefore super-fast magnetosonic.
Therefore, all the flow parameters can be specified at this
boundary. The solar wind magnetic field is given by Parker
(1958),
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where R0 is the inner boundary at 30 AU, vSW is the solar wind
speed with the radial component BSW= 7.17 × 10−3 nT at the
equator at 30 AU, Θ is the polar angle of the field line, and Ω is
the equatorial angular velocity of the Sun. We assume that the
magnetic axis is aligned with the solar rotation axis.

The solar wind flow at the inner boundary is assumed to be
spherically symmetric. For the interstellar plasma, we assume
vISM = 26.4 km s−1, nISM = 0.06 cm−3, TISM = 6519 K. The
number density of H atoms in the ISM is nH = 0.18 cm−3; the
velocity and temperature are the same as for the interstellar
plasma. The coordinate system is such that the z-axis is parallel
to the solar rotation axis and the x-axis is 5° above the direction
of interstellar flow, with y completing the right-handed
coordinate system. The grid was made up of 6.05 × 107 cells
ranging in size from 0.37 AU at the inner boundary to
93.75 AU at the outer boundary. The tail region in the
heliosheath had a resolution of 0.7 AU all the way to
x = 1000 AU in the deep tail. The case with BISM was run to
480,000 time steps, which corresponds to 659 yr. The case with
no BISM was run to 660,000 time steps, which corresponds to
865 yr.

The strength of the BISM in the model is 4.4 μG. The
orientation of BISM continues to be debated in the literature.
The orientation of BISM is defined by two angles, αBV and βBV.
αBV is the angle between the interstellar magnetic field and the
flow velocity of the interstellar wind, and βBV is the angle
between the BISM–vISM plane and the solar heliographic
equator. To account for the heliospheric asymmetries, such as
the different crossing distances of the termination shock by V1
and 2, a small value of αBV ∼ 10–20° is required (Izmodenov
et al. 2009; Opher et al. 2009). Other studies (Chalov et al.
2010; Heerikhuisen & Pogorelov 2011) have used the observed
shape and location of the IBEX ribbon to constrain the
magnitude and orientation of BISM. However, such constraints
are sensitive to the specific model of the IBEX ribbon, which
continues to be uncertain. In any case, for this study the exact
direction of BISM and its intensity are not important.

3. SOLAR MAGNETIZED JETS

We performed 3D MHD simulations showing that the
heliosphere does not have a comet-like structure. The solar
magnetic field was chosen to be unipolar (Opher & Drake
2013) to avoid artificial numerical magnetic reconnection at the
nose as well as in the solar equator across the heliospheric
current sheet. We also present a simulation with an interstellar

wind but with no interstellar magnetic field to avoid artificial
reconnection at the heliopause interface.
Even with no interstellar magnetic field the heliosphere

develops a two-lobe structure organized by the solar
magnetic field (Figures 1(a)–(c)). The lobes survive due to
the resistance of the solar magnetic field to being stretched.
The magnetic tension force must therefore be sufficiently
strong to collimate the jets. To show this, we estimate the
tension on a field line with a radius of curvature R as

�� _∣ ∣B BF π B π R· 4 ( 8 )(2 )tension
2 . Ftension ∼ 2 PB/R,

where PB is the magnetic pressure. The force stretching the
magnetic field due to the flows is S �_ _∣ ∣v vF · 2streatching

S L S_ _v v R P R2 2v
2 2

ram , where κv is like the curvature
with κ ∼ 1/R and Pram is the ram pressure. So, the ratio
between the two forces Fstreatching/Ftension ∼ Pram/2PB, which
is <1 down the tail past the termination shock (Figure 1(d)).
Thus, the magnetic tension (hoop stress) is sufficient to resist
the stretching by the flows and can collimate jets. The result
is a tail divided in two separate plasmas confined by the solar
magnetic field (Figures 1(a) and (c)). The two lobes are
separated by the pressure of the interstellar plasma that flows
around the heliosphere and into the equatorial region
downstream of the heliosphere (Figure 1(a)). This behavior
can be seen in Figure 1(f) where the meridional flows Uy

are shown and the ISM streamlines flow between the two
lobes in Figure 1(a). Thus, the interstellar wind is not
sufficiently strong to force the north and south lobes of the
heliosphere to merge together to form a comet-like structure.
The thermal pressure from the ISM balances the magnetic
and plasma pressure in the lobes in the y–z plane in the down-
tail region.
In the heliosheath the plasma pressure is generally much

higher than the magnetic pressure, so it might seem surprising
that the magnetic field controls the formation and structure of
the jets. There are two factors that explain why the magnetic
field and specifically the tension forces are critically important.
First, due to the expansion of the plasma as it flows from the
termination shock out toward the heliopause, the plasma
pressure drops until the two pressures are comparable.
Figure 3(a) shows the ratio between the two pressures in a
cut in the meridional plane (y = 0). Immediately after the
termination shock the gas (thermal) pressure dominates (by
almost an order of magnitude), but further out it becomes
weaker due to expansion. Thus, the ratio of the magnetic to
thermal pressure increases. Near the heliopause the system
approaches approximate equipartition. On the other hand,
equipartition is not a requirement at the heliopause boundary.
The ratio between the magnetic to thermal pressure at the
heliopause depends on the value of the interstellar pressure
compared with the thermal pressure downstream of the
termination shock (see for example the plasma and magnetic
profiles for the Crab in Figure 1 of Begelman & Li 1992).
Second, even in a high-β heliosheath it is the magnetic tension
force that controls the total pressure drop from the termination
shock to the heliopause. This was also noted in calculations
related to the Crab Nebula (Begelman & Li 1992). Since there
is no tension force along the axis, this same axial pressure drop
is balanced by the inertia associated with the generation of the
axial flow. This can be shown in a rigorous analytic calculation
of the structure of the heliosheath and associated flow (J. F.
Drake et al. 2015, in preparation). Similar forces have been
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Ω: stellar rotation rate
Θ: polar angle

Interplanetary Magnetic 
Field

ISSUE OF CONFINEMENT by the Solar Magnetic



Issue of Confinement: Resistance of the solar 
magnetic field to being stretched 

The tension on a field line with a radius of curvature R is                                                        
so                        

The force stretching the magnetic field due to the flows is

so the ratio between the two forces is 
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Ftension = B ⋅∇B / 4π ≈ B2 / 8π( ) 2 / R( ) Ftension ≈ 2PB / R

Fstreatching ≈ ρ v ⋅∇v / 2 ≈ ρv
2κV 2 ≈ ρv

2 2R ≈ Pram R

Fstreatching Ftension ≈ Pram 2PB

R

For the Heliosheath nominal values  Fstreatching/Ftension < 1 



Solar Magnetic Field is the backbone of the 
heliosphere: “Croissant-Like” Heliosphere
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Tension force collimates  the heliosheath flow in two jets 
(Opher et al. 2015; Drake et al. 2015)



New Global Model: Cold Thermal Solar Wind 
and PUIs treated separately
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Our new model does not include the solar cycle variation of the 
solar wind. However, time-dependent simulations29 show that the 
TS only fluctuates by ±10 au with the solar cycle, while fluctuations 
of the HP distance are only ~3–4 au. Thus, solar cycle variability 
cannot explain the continuing discrepancy between the thin HS 
measured by the Voyagers and the global models.

An important extension of this work would be to include not only 
the PUIs created in the supersonic solar wind (which peak around 
1–3 keV) but also the higher-energy particles such as anomalous cos-

mic rays (ACRs) that are measured by V1 from 30 keV up to several 
megaelectronvolts. While none of the global models include ACRs, 
the diffusive loss of cosmic rays through the HP was predicted to 
shift the positions of the TS and HP by around 5 au (ref. 20).

There have been suggestions that the inclusion of thermal con-
ductivity30, as well as an energy sink due to escaping ACRs, would 
reduce the HS thickness.

In future work, we will compare the ENA maps produced by this 
model with the ones observed by IBEX and the Ion and Neutral 
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Fig. 3 | Density of PUIs and solar wind. a, The density of PUIs (ρPUI). Black contours show temperature at 0.25!MK indicating the HP. b, The density of the 
solar wind (ρSW). c, The density of the single fluid ion (PUIs and solar wind combined) model (ρ). d, Upstream cut showing the case with the multi-ion 
model in green and the single-ion model in red; the full lines are the thermal pressure and the dashed lines are the magnetic pressure. In the multi-ion case 
(model A), the thermal pressure is the total thermal pressure of the PUIs and the solar wind. Note that the single-ion case was shifted by 21!au. e, Field-
aligned velocity difference between PUIs and solar wind is B uSW ! uPUIð Þj=jBj j

I
 in km!s−1. f, Thermal pressure of the PUIs in the equatorial plane (PtPUI).  

g, Temperature of PUIs (TPUI). h, Temperature of the solar wind (TSW).
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Our new model does not include the solar cycle variation of the 
solar wind. However, time-dependent simulations29 show that the 
TS only fluctuates by ±10 au with the solar cycle, while fluctuations 
of the HP distance are only ~3–4 au. Thus, solar cycle variability 
cannot explain the continuing discrepancy between the thin HS 
measured by the Voyagers and the global models.

An important extension of this work would be to include not only 
the PUIs created in the supersonic solar wind (which peak around 
1–3 keV) but also the higher-energy particles such as anomalous cos-

mic rays (ACRs) that are measured by V1 from 30 keV up to several 
megaelectronvolts. While none of the global models include ACRs, 
the diffusive loss of cosmic rays through the HP was predicted to 
shift the positions of the TS and HP by around 5 au (ref. 20).

There have been suggestions that the inclusion of thermal con-
ductivity30, as well as an energy sink due to escaping ACRs, would 
reduce the HS thickness.

In future work, we will compare the ENA maps produced by this 
model with the ones observed by IBEX and the Ion and Neutral 
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Our new model does not include the solar cycle variation of the 
solar wind. However, time-dependent simulations29 show that the 
TS only fluctuates by ±10 au with the solar cycle, while fluctuations 
of the HP distance are only ~3–4 au. Thus, solar cycle variability 
cannot explain the continuing discrepancy between the thin HS 
measured by the Voyagers and the global models.

An important extension of this work would be to include not only 
the PUIs created in the supersonic solar wind (which peak around 
1–3 keV) but also the higher-energy particles such as anomalous cos-

mic rays (ACRs) that are measured by V1 from 30 keV up to several 
megaelectronvolts. While none of the global models include ACRs, 
the diffusive loss of cosmic rays through the HP was predicted to 
shift the positions of the TS and HP by around 5 au (ref. 20).

There have been suggestions that the inclusion of thermal con-
ductivity30, as well as an energy sink due to escaping ACRs, would 
reduce the HS thickness.

In future work, we will compare the ENA maps produced by this 
model with the ones observed by IBEX and the Ion and Neutral 
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The heliosphere has distances from the Sun to the heliopause similar in all directions 
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Camera (INCA)/Cassini. Our model includes the contribution 
from the thermal component and the ‘core’ PUIs. One can see that 
the model reproduces the ENA intensities at IBEX at energies of 
0.5 keV–5 keV (Supplementary Fig. 5; when the HS-produced PUIs 
are included in post-processing). The model, similarly to other 
global models, does not reproduce the low-energy ENAs. There 
have been suggestions that effects beyond what ideal MHD descrip-
tion includes, such as turbulence31 or reconnection, can contribute 
to such high intensities.

Future remote-sensing and in situ measurements will be able to 
test the reality of a rounder heliosphere. In Fig. 6, we show our pre-
diction for the interstellar magnetic field ahead of the heliosphere 
at V2. In addition, future missions such as the Interstellar Mapping 
and Acceleration Probe32 will return ENA maps at higher energies 
than present missions and so will be able to explore ENAs coming 
from deep into the heliospheric tail. Thus, further exploration of the 

global structure of the heliosphere will be forthcoming and will put 
our model to the test.

Methods
Description of the governing equations. Our model has two ions, solar wind 
and PUIs interacting through charge exchange with neutral hydrogen atoms. "e 
neutral hydrogen atoms are described in a multi-#uid treatment. "ere are four 
neutral populations, each re#ecting the properties of the plasma between the 
di$erent heliospheric boundaries27.

The model assumes a ‘cold electron’ approximation, that is, that there are no 
suprathermal electrons. This is in agreement with the observations15. With nSW and 
nPUI being, respectively, the number density of the thermal solar wind protons and 
the PUIs, from charge neutrality we have the electron number density

ne ¼ nSW þ nPUI ð1Þ

where nSW and nPUI are the number density of SW and PUIs, respectively. Assuming 
that the electron and solar wind ion temperature are equal (Te = TSW), the solar 
wind thermal pressure is

pSW ¼ nSWTSW þ neTeð ÞkB ¼ 2nSW þ nPUIð ÞTSWkB

where kB is the Boltzmann constant. The PUI pressure is pPUI = nPUITPUIkB.
We solve the multi-fluid set of equations (as in refs. 10,33) for the solar wind and 

PUIs modified to include source terms due to charge exchange as in ref. 34

∂ρSW
∂t

þ = " ρSWuSWð Þ ¼ SρSW ð2Þ

Y                   X

Z

ISM

300 au

300 au
100 au

100 au

a b

Fig. 4 | The new heliosphere. a, The HP is shown by the yellow surface (case B) defined by a solar wind density of 0.005!cm−3. The white lines represent 
the solar magnetic field. The red lines represent the interstellar magnetic field. b, The standard view of a comet long tail extending thousands of 
astronomical units. V1 and V2 are shown in this artist rendition; V2 has now passed the HP. The yellow dot represents the Sun. The supersonic solar wind 
region is represented by the blue region around the Sun. The extended region beyond the blue region represents the HS. Credit: NASA/JPL-Caltech.
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(at z!=!0) (case A). The red line is the PUI pressure; the blue line is the 
solar wind thermal pressure; the magenta line is the total thermal pressure 
(PUIs!+!solar wind); the green line is the magnetic pressure; and the black 
line is the total pressure (thermal!+!magnetic). The two grey vertical lines 
denote the positions of the TS (left) and the HP (right). R, radial distance 
from the Sun.

Table 1 | Distances to TS and HP and the thickness of the HS

Case A Case B

Single ion Multi-ion Multi-ion Observations

TS (V1) 85!±!3!au 96!±!3!au 90!±!3!au 95!au
HP (V1) 187!±!3!au 171!±!3!au 146!±!3!au 122!au
HS (V1) 102!au 75!au 56!au 28!au
TS (V2) 80!±!3!au 91!±!3!au 88!±!3!au 85!au
HP (V2) 162!±!3!au 153!±!3!au 141!±!3!au 119!au
HS (V2) 82!au 62!au 53!au 35!au
HS (V1, V2) 20!au 13!au 3!au 7!au
TS (upwind) 82!±!3!au 91!±!3!au 85!±!3!au –

TS (downwind) 92!±!3!au 123!±!3!au 146!±!3!au –

The errors for the computed distances are taken as twice the local grid cell sizes.
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A crescent-shaped heliosphere
Show the large interest in the community for the 
question of the shape of the Heliosphere that is 
one of the questions that SHIELD is addressing
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Density Gradient in the Heliosheath

Opher et al. 2021

The density gradient is set in the heliosheath due to the 
magnetic tension from solar magnetic field and is 
affected as well by the charge exchange

Density gradient along the axis of the 
heliospheric jet for the realistic case  -



Rayleigh-Taylor instability

(A) Heavier fluid “1”, seating on top of a lighter fluid “2” and the gravity g pointing 
perpendicular to the interface;

(B) RT at the HP: the streaming of neutrals acts as an effective gravity !∗~$%&'&

Opher et al. 2021

See RT at the HP: Liewer et al. 1996; Zank et al. 1996; Florinski et al. 2004; Avinash et al. 2014
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Opher et al. 2021

(C) RT along the axis of the 
heliospheric jets in the situation 
where there is no motion through 
the ISM. 

Rayleigh-Taylor instability
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Cartoon of RT in slab geometry. In isolation the left density
Jump “L” would be stable while the right interface “R” 
Will be unstable



A Turbulent Heliosheath Driven by Rayleigh Taylor Instability

Opher et al. 2021
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(A)          (B)     (C) 

 
(D)                                                (E)                 (F) 

 
(G)                                               (H)                                                 (I) 
Figure 1. Development of the Rayleigh-Taylor Instability. Same model as Methods - Figure 1, with no 
ISM plasma flow but with streaming neutrals in the ISM with nH=0.18 cm-3. The plots show how the 
instability evolves with time at (A) 2.48; (B) 9.59; (C) 24.6; (D) 27.9; (E) 31.0; (F) 34.2; (G) 37.4; (H) 
40.6; and (I) 41.7 years. Charge exchange between the neutral H and ions is turned on between panels (A) 
and (B). The meridional cuts show the intensity of the magnetic field. The instability develops along the 
axis of the heliospheric jets (blue color). Movie http://people.bu.edu/mopher/movies_instability.html 
 



A Turbulent Heliosheath Driven by Rayleigh Taylor Instability

Opher et al. 2021
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(A)     nH=0.36 cm-3               (B)      nH=0.18 cm-3              (C)      nH=0.09 cm-3              (D)      nH=0.045 cm-3 

 
(E)    nH=0.36 cm-3               (F)      nH=0.18 cm-3              (G)      nH=0.09 cm-3              (H)      nH=0.045 cm-3  
Fig. 2. The dependence of the instability on neutral H density. Magnetic field (top row) and plasma density (bottom 
row) are shown at t=41 years for simulations with various ISM neutral H densities. 
 



Streaming neutrals in the ISM (nH=0.18 cm-3)



Opher et al. 2021



Discovered an instability in the heliosheath, driven by the neutral H atoms, 
that is Rayleigh-Taylor-like

Next steps: understand the details of the opening of the tail by the instability and consequences for the Heliosheath 

Opher et al. 2021



Moscow 
Model

BU 
Model

Kornbleuth et al. 2021

– 32 –

Fig. 2.— Comparison of BU (top) and Moscow (bottom) solutions of the heliosphere in

the meridional plane Included are color contours and lines of proton density [cm�3] (left),

magnetic field intensity [nT] (middle) and neutral H density [cm�3] (right).The white lines

represent the termination shock (inner) and heliopause (outer) for each model.



Kornbleuth et al. 2021

Conducted first comparison of two different MHD solutions with the same boundary 
conditions, finding that the plasma in the heliotail is confined by the solar magnetic field



• Conducted first comparison of two different MHD solutions with the same boundary conditions, 
finding that the plasma in the heliotail is confined by the solar magnetic field (Kornbleuth et al. 2021)
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Fig. 8.— ENA flux spectra for the directions of Voyager 1 (top left), the port lobe (top

right), downwind (bottom left), the southern pole (bottom middle), and the southern lobe

(bottom right), in units of [cm�2 s�1 sr�1 keV�1]. The black line corresponds to IBEX-Hi

data averaged over the years 2009 through 2013, the blue line corresponds to the BU model,

and the red line corresponds to the Moscow model. Simulated ENA fluxes are not scaled

and fluxes for all cases are extracted over a 15� ⇥ 15� area centered around each direction.
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Fig. 8.— ENA flux spectra for the directions of Voyager 1 (top left), the port lobe (top

right), downwind (bottom left), the southern pole (bottom middle), and the southern lobe

(bottom right), in units of [cm�2 s�1 sr�1 keV�1]. The black line corresponds to IBEX-Hi

data averaged over the years 2009 through 2013, the blue line corresponds to the BU model,

and the red line corresponds to the Moscow model. Simulated ENA fluxes are not scaled

and fluxes for all cases are extracted over a 15� ⇥ 15� area centered around each direction.



Next steps: Understand the details of the opening of the tail by the instability 
and consequences for the Heliosheath ; in particular for ENA maps

Structure of the tail beyond 200AU: probed by IMAP 


