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t. Waves are observed at all layers of the solar atmosphere and the magneti
 �eldplays a key role in their propagation. While deep down in the atmosphere the p-modes are almostentirely of a
ousti
 nature, in the upper layers magneti
 for
es are dominating, leading to a largevariety of new wave modes. Signi�
ant advan
es have been made re
ently in our understandingof the physi
s of waves intera
tion with magneti
 stru
tures, with the help of analyti
al theories,numeri
al simulations, as well as high-resolution observations. In this 
ontribution, we reviewre
ent observational �ndings and 
urrent theoreti
al ideas in the �eld, with an emphasis on thefollowing questions: (i) Pe
uliarities of the observed wave propagation in network, plage andfa
ular regions; (ii) Role of the mode transformation and observational eviden
es of this pro
ess;(iii) Coupling of the photosphere, 
hromosphere, and above by means of waves propagating inmagneti
 stru
tures.1. Introdu
tionSolar p-modes are generated by turbulent 
onve
tion just beneath the photosphere and propagatethrough the solar interior [5; 53; 54; 94; 116; 120; 160; 161℄. They also leak power to theatmospheri
 layers � photosphere, 
hromosphere and 
orona � and intera
t with magneti
stru
tures present in these layers. Sin
e the for
e balan
e 
hanges with height from a gas pressuredominated region below the photosphere into a magneti
ally dominated region in the 
orona, thenature of waves 
hanges as well and mode transformation o

urs. These p-modes leaking to theupper atmosphere are a possible sour
e of 
hromospheri
/
oronal heating. Besides, measuringand modeling the wave properties provides us with sensible indi
ators of the thermodynami
and magneti
 stru
ture of the atmosphere where they propagate [2; 30; 51; 115℄. This arti
lereviews the 
urrent advan
es in the �eld of atmospheri
 waves and os
illations driven by solarp-modes with an emphasis on their intera
tion with lo
al magneti
 �elds.Observationally, sunspot waves have been a usual and relatively easy target, due to the
lear in
uen
e of the strong sunspot's magneti
 �eld on them. Photospheri
 waves in theumbra and penumbra have been dete
ted over de
ades, as well as their propagation to the
hromosphere in the form of umbral 
ashes (see e.g., [1; 15; 16; 27; 32; 33; 45; 96{98; 100; 101; 103; 104; 144; 166; 167℄, and many others). Sunspot magneti
 �elds areeasily dete
table via polarimetri
 measurements by many instruments [10℄, and the measuredparameters of os
illations and of the magneti
 �eld 
an be linked. The general aspe
ts of physi
sof these waves (su
h as the di�erent types of waves, their physi
al properties, the 
onditionsrequires for transforming one into the other, et
.) are relatively well understood nowadays (forreviews on sunspot waves before 2008, see [9; 81℄). Numeri
al modeling of sunspot waves hashelped to explain many details [8; 18; 19; 25; 45{47; 55; 77; 78; 82; 83; 85; 86; 113; 114; 127{129; 142; 143; 152℄.
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Observations of waves in quiet regions have a
hieved important advan
es as well. Multi-linemulti-layer observations have put in eviden
e how the propagation of waves in plage and networkareas, and even in the quiet Sun, is in
uen
ed by the magneti
 �eld (see, e.g., [29; 31; 48{50; 88{91; 106; 111; 131; 135; 158; 159; 169; 170℄, and referen
es therein). Unlike in sunspots, magneti
�eld in the quiet regions is generally weaker, less organized, and, as a 
onsequen
e, is morediÆ
ult to measure [151℄. The question of the 
oupling between the di�erent solar layers bymeans of waves, propagating in quiet Sun's stru
tures, is parti
ularly interesting. Waves withphotospheri
 periodi
ities are systemati
ally observed in the solar 
orona [112℄. Nevertheless,it is still an open question how to get the p-mode energy eÆ
iently up there be
ause of a setof obsta
les that waves en
ounter on their way up, su
h as: 
ut-o� layer, wave speed gradients,transition region, et
 (see, e.g. [57; 118℄).Yet another interesting topi
 is the pra
ti
al appli
ation of the theoreti
al knowledge to inferinformation about the wave modes from observations. Diagnosti
s based on polarimetry or�lter imaging have their advantages and short
omings, and the information is often masked byradiative transfer e�e
ts and limited spatial and temporal resolution [4; 76; 121; 122; 148; 154℄.Analyti
al/numeri
al modeling and Stokes diagnosti
s should be applied hand by hand todisentangle information about the wave modes and 
al
ulate wave energy 
uxes, or to inferthe parameters of magneti
 stru
ture, for example.All these topi
s are dis
ussed below with an emphasis on wave propagation in network, plageand fa
ular regions and their intera
tion with magneti
 elements present there, leaving asidesunspot waves. Both observational and theoreti
al/numeri
al aspe
ts are highlighted.2. Observations of waves in quiet Sun's magneti
 stru
turesMagneti
 elements in the quiet Sun are extremely 
omplex and dynami
. Weak inter-networkmagneti
 elements move, merge and 
an
el out, and small s
ale loops emerge on granular s
ale[3; 28; 69; 70; 105; 125; 126; 137; 150; 151℄. Stronger magneti
 elements in the network aregenerally more organized. Some re
ent works were able to resolve a network tube stru
ture,in
luding its 
anopy, from spe
tropolarimetri
 observations by Sunrise/IMaX [93; 107℄. Thesereal tubes are dynami
 and asymmetri
 stru
tures, unlike the \
anoni
al" axisymmetri
 
uxtubes used in many theoreti
al wave studies. Lo
ally, a
ousti
 p-modes and 
onve
tive motions
an drive waves in magneti
 
on
entrations present over the quiet solar surfa
e.2.1. Network and inter-network regionsIt has long been know that waves of 3-minute periodi
ity dominate quiet internetwork
hromospheri
 regions [36; 67; 99; 102; 149℄. These waves have been observed as brightintermittent Ca ii H2V and K2V grains and are re
ognized to be a
ousti
 sho
ks [26℄.At the bright network 
ell borders, long period os
illations of 5{20 min are usually dete
tedin the photosphere. These os
illations maintain their periodi
ity in the 
hromosphere and atlarger heights [7; 91; 99; 131; 164; 169℄. Sho
k o

urren
e is lower at the network 
ell borders
ompared to 
ell 
enters and the amplitudes remain below 2{4 km s�1 in the 
hromosphere.Three-minute 
hromospheri
 os
illations inside supergranular network 
ells are well 
orrelatedwith the underlying photospheri
 os
illations [36; 99℄. It is not 
lear if the same happens to the5-minute os
illations at the bright 
ell borders. Some earlier studies report that the 
orrelationis diÆ
ult to tra
e [99℄, while others �nd a good 
orrelation between the signals at two heights,suggesting nearly verti
al wave propagation from the photosphere to the 
hromosphere in theproximity of the network magneti
 elements [36; 95; 169℄. Larger phase shifts between velo
itysignals at di�erent heights, �V V , are found for waves at the network borders 
ompared to 
ell
enters [36; 95℄.
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Figure 1. Example of IBIS observations of magneti
 shadows from [169℄. a: Spe
klere
onstru
ted broadband 
ontinuum at 710 nm for the FOV under analysis. e: Line 
oreintensity of CaII 854.2 nm. b{d and f{h: Spatially resolved Fourier's velo
ity power maps,averaged over the range of frequen
ies indi
ated. The intensity s
ale is logarithmi
, with brightindi
ating larger Fourier amplitudes. b{d: photospheri
 Fe I 709.0 nm line. f{h: 
hromospheri
Ca II 854.2 nm line. Courtesy of G. Cauzzi.Re
ent high-resolution observations from spa
e and ground-based instruments revealed amu
h ri
her behavior of network os
illations related to the magneti
 �eld topology. It wasdis
overed that short-period waves (3 min range, � = 5�8 mHz) propagate from the photosphereto the 
hromosphere only in restri
ted areas of the network 
ell interiors, and that spatialdistribution of 3-minute 
hromospheri
 sho
ks is highly dependent on the lo
al magneti
topology [169; 170℄. Network magneti
 elements are surrounded by \magneti
 shadows" wherethe power of short-period waves is redu
ed [48; 49; 74; 91; 136℄. An example of this resultborrowed from [169℄ is given in Figure 1. A prominent feature of these observations is the�ne stru
turing of power maps at di�erent frequen
ies, following the stru
ture of 
hromospheri
mottles.Long-period waves (5 min range, � = 1:2�4 mHz) propagate eÆ
iently to the 
hromosphere inthe 
lose proximity of the magneti
 network elements, forming enhan
ements on the power maps(\power halos") [88℄. These long-period network halos are most prominent in the photosphere,but are also present in the 
hromosphere; and are observed to be 
o-spatial with 
hromospheri
\magneti
 shadows" for 3 min waves. The halo/shadow areas show positive �V V phase shiftsindi
ative of upward propagating waves at 3 min periodi
ity, but a mixture of positive andnegative phase shifts for larger-period waves of 5-7 min, with a good 
oheren
e in all 
ases.The pe
uliar power distribution in halos/shadows is apparently linked to the height ofthe magneti
 
anopy, de�ned as a layer where the plasma � = 1 [89; 90; 108; 109℄. Atthe 
lose proximity of network elements, where the 
anopies are low-lying (below 1600 km),the 
hromospheri
 power of short-period (3 min) waves was found to be suppressed, and thephotospheri
 power of long-period waves (5-7 min) was found to be enhan
ed [89; 90℄. It was
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suggested that the 5-7 min power enhan
ements in the photosphere may be due to re
e
tionof waves on the overlying 
anopy. These enhan
ements are observed at all magneti
 �eldin
linations, but are spe
ially signi�
ant for more in
lined 
anopy �elds at the 
lose proximityof magneti
 elements, suggesting more eÆ
ient mode 
onversion there [89℄.Table 1 summarizes the properties of os
illations in the quiet network areas, in terms of theirperiods.2.2. Plage and fa
ular regionsPlage and fa
ular regions 
ontain larger magneti
 
ux stru
tures 
ompared to the networkregions dis
ussed above. Early works (based on slit spe
tra) showed that the amplitude of 5min os
illations in the photosphere de
reases by about 25% in plage regions with an average
ux above 80{100 G, 
ompared to the quiet Sun, while shorter-period os
illations strengthen[6; 35; 68; 175℄. More re
ent spe
tropolarimetri
 observations 
on�rm that the amplitude of5-min os
illations de
reases by 20-40% in the fa
ula photosphere [87℄. These observationsalso reveal that the power of 5-min os
illations in
reases signi�
antly in the 
hromosphere,dominating the power spe
trum [29; 87℄. The phase spe
tra of the 5-min fa
ular waves are
ompatible with the verti
al wave propagation from the photosphere to the 
hromosphere. Onemay 
on
lude then, that the dominan
e of 5-min periodi
ities in the 
hromosphere is a 
ommonfeature of both network and plage waves. However, the pi
ture does not seem to be that simple.The 2D �ltergram observations show more pie
es of the puzzle regarding the powerdistribution for long-period waves in relation to the magneti
 �eld topology. It was arguedthat in
lined magneti
 �eld lines at the boundaries of large-s
ale enhan
ed network 
ells provide\portals" through whi
h long-period (5 min) waves 
an propagate into the solar 
hromosphere,due to the lowering of the 
ut-o� frequen
y in the low-� environment [58; 73; 110; 132; 133℄.Larger propagation speeds of 
hromospheri
 waves were indeed found for strong �elds in
linedmore than 40 degrees. At the 
enter of plage magneti
 elements (where the �eld is expe
tedto be 
lose to the verti
al) preferably 3 min os
illations are observed to be transmitted to theTable 1. Periods of network & inter-network os
illationsCenters of Close Inter-networkmag. elements surroundings beyond mag. elementsPhotosphere 5 min 5 min 5 minChromosphere Possibly 5 min 5 min enhan
ed 3 min sho
ks3 min shadowedPropagation Up & down Up & down UpTable 2. Periods of fa
ula & plage os
illationsCenters of Close Halomag. elements surroundings areasPhotosphere 5 min damped 5 min damped 3 min enhan
ed3 min enhan
ed 3 min enhan
edChromosphere Not 
lear 5 min for in
lined B 3 min enhan
edPropagation Possibly up Possibly up Up and down
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hromosphere, while 5 min os
illations were transmitted at the edges of plage magneti
 elements,where the �eld expands and be
omes in
lined [174℄.The 2D �ltergram observations rely on potential extrapolations from photospheri
longitudinal magnetograms, unlike spe
tropolarimetri
 observations where the inversion ofStokes pro�les gives information about the photospheri
 magneti
 �eld ve
tor (see e.g. [29℄),suggesting it to be essentially verti
al and thus giving strong arguments for the verti
alpropagation. On the other hand, 2D �ltergrams have mu
h higher resolution and �eld of viewneeded to dete
t the in
lined propagation, if it takes pla
e. The advantages of both observingte
hniques (imaging and spe
tropolarimetry) were exploited in [158; 159℄, by using simultaneousIBIS photospheri
 and 
hromospheri
 measurements together with spe
tropolarimetri
 inversionof the SOT/Hinode data. For a plage region 
ontaining a pore, maximum transmission of 3 minos
illations was found for �eld in
lined by 15 degrees, while 5 min os
illations were transmittedfor the �eld in
lined by 25 degrees, providing support for the in
lined propagation of long-periodwaves, at least for the strong �eld of a pore. It is not 
lear, however, if the same happens forthe weaker magneti
 elements, and more data as those by [158; 159℄ are 
learly needed.For shot-period waves (3 min range, � = 5:5 � 7:5 mHz), the power distribution over plageregions shows a suspi
ious enhan
ement, both in the photosphere [14℄ and in the 
hromosphere[11; 165℄. These power enhan
ements are known as \halos" and have been mu
h dis
ussed inthe literature on lo
al helioseismi
 waves1. The a
ousti
 power measured in halos is higher thanin the quite Sun by about 40-60% [12; 38; 66; 72; 117℄. The halos are observed at longitudinalmagneti
 
uxes hBi = 50� 300 G [66; 72; 162℄. In the photosphere the halos are lo
ated at theedges of plage regions, while in the 
hromosphere they extend to a large portion of the nearbyquiet Sun [11; 14; 162℄. The 
hara
teristi
 period of maximum enhan
ement de
reases with �eldstrength and the wave spe
trum in halos is shifted to higher wave numbers at 
onstant frequen
y[52; 153℄. The wave power in halos is observed to be modulated with the �eld in
lination, beingstronger for more in
lined �elds [153℄. The height-dependent 
hanges in halo properties seenin HMI/AIA SDO data provide signatures of magneto-a
ousti
 wave refra
tion sensitive tomagneti
 �eld strength and topology [135℄ (the presen
e of up and down-going waves has alsobeen reported previously by [13℄).The vast amount of information on the observed halo properties is mostly obtained fromthe observational datasets typi
al for lo
al helioseismology (i.e. long time series over a largeportion of the Sun, in
luding a 
omplete a
tive region, but medium spatial resolution, asSOHO/MDI or SDO/HMI). It is not 
lear how to 
onsistently 
ompare these large-s
ale datawith higher resolution (but smaller area) IBIS, SST and Hinode data [58; 131; 158; 159; 174℄or 
hromospheri
/transition region TRACE data [73; 110; 132; 133℄, resolving propagation inindividual magneti
 stru
tures. In addition, there is mu
h 
onfusion about the waves observedin plage, fa
ular, or enhan
ed network regions, often dis
ussed in the same 
ontext. It is notevident beforehand if the observed wave behavior should be the same, sin
e the �eld strengthof the magneti
 stru
ture de�nitely plays a 
ru
ial role.Table 2 makes an attempt to summarize the properties of os
illations in plage areas, thoughde�nite 
on
lusions are hard to derive in some 
ases.2.3. Magneti
 �eld os
illationsUp to here, we have dis
ussed os
illations of velo
ity and intensity. Magneti
 �eld measurements,when performed, were mostly done to obtain the magneti
 topology, but not os
illations of themagneti
 
ux (or magneti
 �eld ve
tor) itself.Even in strong sunspot regions it has been hard to dete
t magneti
 �eld os
illations due to1 Note that halos in plage are observed at short-periods, unlike long-period power halos surrounding networkmagneti
 elements, dis
ussed in Se
tion 2.1.
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Figure 2. Example of time evolution of a weak 
ir
ular polarization pat
h in the quiet Sunfrom [106℄. The bla
k and white ba
kground represents the magneti
 
ux density 
omputedin the weak-�eld approximation, saturated to �20 Mx 
m�2. Yellow line is the iso-magneti

ux density 
ontour 
ontaining a time-
onstant magneti
 
ux of -5�1016 Mx. Courtesy of M.Mart��nez Gonz�alez.the smallness of the expe
ted amplitudes and due to radiative transfer and instrumental e�e
ts,masking the real os
illations [76; 87; 122; 147; 148; 154℄.The dete
tion of magneti
 
ux/�eld os
illations due to magneto-hydrodynami
 waves in thequiet regions has been elusive. The relations between the magneti
 
ux, velo
ity and intensityos
illations in the photosphere of pores and intergranular magneti
 elements, obtained fromhomogeneous, seeing-free SOT/Hinode data, reveal root-mean-square amplitudes of magneti

ux 
u
tuations of 4�17 G (0.3%�1.2% from the ba
kground value), 
orresponding to velo
ityos
illations of �100 m s�1 and intensity os
illations of 0.1%�1% [50℄. Velo
ity was leadingthe magneti
 
ux os
illations by a quarter of 
y
le, and magneti
 
ux os
illations were 180degree out of phase with the intensity os
illations. These phase lags were interpreted as due tosuperposition of the as
ending and the des
ending sausage and kink mode waves re
e
ted at thetransition region [50℄.Another re
ent dete
tion of os
illations of magneti
 
ux density in quiet Sun magneti
elements was done from high-resolution Sunrise/IMaX data [106℄. It was dis
overed that thearea of pat
hes with 
onstant magneti
 
ux os
illates in response to granular for
ing in a rangeof periods similar to granular life times (implying that magneti
 �eld strength os
illates inantiphase). An example of su
h observation borrowed from this work is shown in Figure 2.Curiously, the amplitude of these area os
illations is highly non-linear with more than 100%variations from the mean value. No apparent 
orrelation with velo
ity or intensity os
illationswas found.3. ModelsThis se
tion gives an overview on re
ent, mostly numeri
al, models of the wave propagationin solar magneti
 stru
tures. We subdivide the simulations into several (overlapping) groups,one of them aiming to explain the power distribution in and around magneti
 features, anothergroup studying the energy propagation by waves from the photosphere to the 
hromosphere,transition region and 
orona, yet another one for the mode 
onversion.3.1. Coupling of the photosphere, 
hromosphere and aboveSmall-s
ale magneti
 �eld 
on
entrations are ubiquitous in the quiet Sun and magneti
 wavesdriven in these elements by p-mode or granular for
ing are obvious 
andidates to transportenergy to heat the upper layers. Solar magneti
 elements are far more 
omplex than 
anoni
alaxisymmetri
 
ux tubes. But despite the 
lear simpli�
ations of the tube stru
ture, theoreti
alworks on propagation of waves in 
ux tubes are of great importan
e to understand the basi
physi
s of the wave mode behavior in small s
ale magneti
 elements. There have been numerousanalyti
al works using the thin 
ux tube approximation, when the radius of the tube is 
onsidered
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Figure 3. Snapshot of longitudinal (left) and transversal (right) velo
ities, s
aled by a fa
toror p�
s and p�va, 
orrespondingly, in the 2D simulations of fast (a
ousti
) mode propagationand 
onversion from sub-photosphere to the low 
orona from [24℄.to be mu
h smaller than the lo
al verti
al s
ale height, and the internal 
ux tube stru
ture 
anbe negle
ted [17; 37; 40; 138{141; 145; 146; 157℄ (see [155; 156℄ for a review). In fa
t, the
omparison to simulations of magneto-
onve
tion suggests that a se
ond-order thin 
ux tubeapproximation might do reasonably well for super-equipartition magneti
 �eld 
on
entrationslike those existing in the simulations [176℄. This argument 
an be used for wave studies ifasymmetry and 
ows are not 
ru
ial for the 
onsidered problem.The number of idealized simulations of 
ux tube waves propagating from the photosphereto the 
hromosphere and above is ever in
reasing during the last several years [41{43; 59{63; 75; 79; 123; 171{173℄. Di�erent ways of driving 
ux tube waves have been 
he
ked: horizontalmotions produ
ing transverse kink waves; pressure 
u
tuations produ
ing longitudinal waves;twisting motions generating torsional Alfv�en waves; observationally-driven or impulsive motions.The general idea behind all these works is to understand how mu
h of the wave energy 
anrea
h the 
hromosphere and 
orona, and whether the wave modes rea
hing there 
an be easilydissipated to 
onvert their energy into heat (as, e.g. 
ompressible a
ousti
 modes).The transverse foot-point driving was extensively studied in a series of papers [60{62; 171; 173℄by means of 1D and 2D simulations. These works mostly aim at explaining waves in brightnetwork elements at 
ell borders observed in Ca ii H (see Se
tion 2.1) and their relation to G-band bright points. It was dis
overed an eÆ
ient me
hanism of non-linear 
oupling between thekink waves (generated by transverse foot point driving) and longitudinal waves, forming sho
ksand supplying energy to the 
hromosphere. The eÆ
ien
y of the 
oupling was found to be afun
tion of the plasma �, being maximum for tubes with � = 0:2 when the kink and tube wavespeeds are equal [61℄. Adding a se
ond dimension to the modeling (2D), the transverse foot pointmotions were seen to ex
ite fast and slow magneto-a
ousti
 waves inside the tube, and a
ousti
ones at the interfa
e between the tube and the non-magneti
 medium [62℄. The a
ousti
 wavesat the interfa
e steepen to sho
ks in the 
hromosphere and 
ux tubes with stronger magneti
�eld produ
e these sho
k waves more eÆ
iently [171℄.The above works were mostly fo
used on short-period (10-20 se
) waves or impulsive driving,and it is hard to make a dire
t 
omparison to the observations. Nevertheless, similar pro
essesof magneto-a
ousti
 mode generation and transformation were shown to take pla
e when
onsidering more realisti
 driving with 3 and 5 min periodi
ities [79℄. Complex sho
k wave
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patterns are formed a
ross the tube, with sho
k waves propagating alongside the tube borders.Sub-ar
se
 spatial resolution would be needed to observationally resolve this pattern [84; 172℄.Apart from linear and non-linear mode transformation, slow 
hromospheri
 sho
ks inmagneti
 
ux tubes were demonstrated to be produ
ed by a me
hanism of \turbulent pumping"[75℄, i.e. \massaging" of the magneti
 tubes in intergranular lanes by external down
ows.Possibly, a similar pro
ess is responsible for the periodi
 area variations of quiet Sun magneti
elements dis
overed in [106℄.When the tube foot points are twisted instead of being transversally shaken, torsional Alfv�enwaves 
an be generated. There are indi
ations that the energy input into the 
hromosphere islower for the twisting driver, 
ompared to the transverse shaking [173℄. The torsional Alfv�enwaves, generated by twisting driver seem to be frequen
y-�ltered by the tube's three-dimensionalstru
ture, with higher frequen
ies transmitted at the 
entral part of the tube, and lower ones atthe sides [42℄.The next 
hallenge for the wave numeri
al modeling in 2D and 3D is to extend the analysisinto the transition region and 
orona, in order to explain how waves with photospheri
 periodi
ityleak their energy to the upper atmosphere. This is numeri
ally 
hallenging, sin
e many pressures
ale heights have to be modeled at the same time, and the wave speeds 
hange 
onsiderably.The transition region represents a dis
ontinuity in the wave speed and waves are expe
ted to beeÆ
iently re
e
ted there. Thus, it is un
lear how mu
h energy 
an go through. Nevertheless,short-period (30 se
) magneto-a
ousti
 waves were shown to be transmitted rather eÆ
ientlythrough the transition region, ex
iting horizontally propagating disturban
es there [43℄. Figure 3shows an example of the modeling of wave propagation from the sub-photosphere to the
hromosphere, transition region and 
orona for realisti
 periods in the 3-5 min range [24℄. Itdemonstrates a 
omplex wave pattern formed by multiple mode transformations at the � = 1layer, wave refra
tions and re
e
tions at the transition region and a 2D magneti
 null pointlo
ated above. More work will be needed in the future to quantify these 
omplex intera
tions,and to evaluate the transmitted energy, depending on the magneti
 �eld 
on�guration andstrength.3.2. Mode transformation in 2D and 3DLinear mode transformation is an important pro
ess that enables di�erent wave modes toex
hange their energy when their propagation speeds are 
lose. Mode transformation betweenfast and slow magneto-a
ousti
 modes in 2D was extensively studied analyti
ally and numeri
ally[8; 18{21; 34; 77; 142; 152; 178℄. A review on these works before 2008 
an be found in [81℄.In brief, the dire
tion and the e�e
tiveness of the mode transformation depends on the wavefrequen
y and the atta
king angle between the wave ve
tor ~k and the magneti
 �eld ~B at thelayer of plasma � = 1. The fast-to-slow mode transformation is 
omplete for waves with ~k k ~B.The fast-mode high-� waves laun
hed from their sub-photospheri
 lower turning points typi
allyrea
h the transformation layer with an angle 
lose to 20{30 degrees, so the transformation isparti
ularly strong for magneti
 �elds in
lined by this amount [21; 34; 152℄.Re
ently, mode transformation in 3D has attra
ted a lot of attention. It enables toprodu
e Alfv�en waves from fast magneto-a
ousti
 waves above their re
e
tion height in the low
hromosphere, a me
hanism that may allow to transport wave energy through the transitionregion to the 
orona. Alfv�en waves are 
laimed to be dete
ted by numerous observations, butthe dis
ussion on the nature of the dete
ted waves is still ongoing [112; 130; 134; 163; 168℄.The pioneering study of 3D mode 
onversion from fast to Alfv�en waves for homogeneousin
lined �elds dis
overed it to be most eÆ
ient for preferred magneti
 �eld in
linations between30 and 40 degrees, and azimuth angles between 60 and 80 degrees [22℄. This orientation allowedthe best alignment with ~B of the fast mode wave propagating from its sub-photospheri
 lower
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Figure 4. Example of wave energy 
uxes in the 
hromosphere of a sunspot model from [47℄showing the redistribution of the energy of di�erent modes due to three-dimensional mode
onversion. Left panel: a
ousti
 
ux due to slow longitudinal waves; middle panel: magneti

ux due to fast waves; right panel: magneti
 
ux due to Alfv�en waves. The units of the 
olor
oding are 106 erg 
m�2 s�1. Courtesy of T. Felipe.turning point. Alfv�eni
 
uxes transmitted to the upper atmosphere are found to be similar,or larger, than a
ousti
 
uxes at some orientations. Low-frequen
y gravity waves 
an also be
onverted eÆ
iently into Alfv�en waves at large magneti
 �eld in
linations [118℄.While the fast-to-slow mode 
onversion o

urs at the layer where plasma � = 1, the fast-to-Alfv�en 
onversion takes pla
e around and above the fast wave re
e
tion height zre
 in 3D(see Fig. 1 in [86℄), lo
alized more 
losely to zre
 as the frequen
y in
reases [23℄. For 3-5 minwaves, the 
onversion pro
ess is typi
ally spread over mu
h of the 
hromosphere. Both up-goingor down-going Alfv�en waves 
an be produ
ed depending on the relative orientation of the waveve
tor and magneti
 �eld at heights where the fast mode undergoes the refra
tion, going up anddown [23; 86℄.Numeri
al simulations of 
onversion to Alfv�en waves require 3D or, at least, 2.5D geometries[44; 47; 85; 86℄. Re
ent 2.5D simulations show that the global pi
ture of 
onversion to Alfv�enwaves remains valid when 
onsidering 
omplex �eld 
on�gurations, appropriate for large-s
alesunspot magneti
 stru
ture [86℄. The 
onversion to Alfv�en waves is parti
ularly important forstrongly in
lined �elds like those existing in sunspot penumbrae. A fully 3D simulation, 
overinga large portion of a sunspot model with a wide range of in
linations, ni
ely demonstrated thata signi�
ant energy 
ux due to Alfv�en waves 
an indeed be transmitted to the 
hromosphere atlarge �eld in
linations [47℄. The upward-propagating 
ux due to Alfv�en waves at the peripheri
parts of the sunspot model was found to be as large as the a
ousti
 
ux due to slow longitudinalwaves propagating 
lose to the axis. An example of this result is shown in Figure 4.In
lusion of radiative losses into the model does not 
hange signi�
antly the wave pathsneither the 
onversion pi
ture [119℄.3.3. Tunneling of 5 min os
illations to the 
hromosphereA spe
i�
 question for the models of wave propagation in small s
ale stru
tures is the explanationof the power spe
trum of waves at 
hromospheri
 heights (see Se
tion 2). Observationsin network regions mostly agree that long-period 5 min os
illations are transmitted to the
hromosphere in the 
lose proximity of network magneti
 elements (Se
tion 2.1). In a plage, itseems not 
lear yet whether these long-period os
illations are transmitted at the plage borderswith predominantly in
lined �eld or verti
ally from the photosphere (Se
tion 2.2).There have been a number of works arguing that in
lined magneti
 �eld at the boundariesof enhan
ed network and plage regions allows long-period slow a
ousti
 waves to propagateinto the solar 
hromosphere due to a redu
tion of the 
ut-o� frequen
y [58; 73; 110; 132; 133℄.Numeri
al 1D modeling 
on�rms the eÆ
ien
y of this me
hanism [64℄: long-period 5 min waves
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an only propagate upwards where the magneti
 �eld is in
lined, whereas waves with periodsaround 3 min dominate when the �eld is verti
al. This modeling in
ludes a 
omplex treatmentof radiative transfer, but simpli�
ations of a one-dimensional propagation in a 
onstant in
lined�eld.Alternatively, some authors proposed that radiative losses in thin 
ux tubes 
an helppropagating long-period os
illations verti
ally upward [29; 80℄. The presen
e of radiative losses
an lead to a signi�
ant redu
tion of the 
uto� frequen
y, formally adding a propagating
omponent to the os
illations [140℄. Two-dimensional simulations of 
ux tube waves with a 5 minperiodi
 photospheri
 driver, and in
luding radiative losses by means of a simpli�ed Newton'slaw with �xed radiative relaxation time, demonstrate the e�e
tiveness of this me
hanism inleaking 5 min os
illations into the 
hromosphere inside verti
al 
ux tubes [80℄. The power andphase spe
trum of waves in these simulations reprodu
e observations in fa
ular regions [29℄.The treatment of radiative losses by Newton's law [80℄ is very rough. Re
ently, realisti
radiative magneto-
onve
tion simulations were performed in a model extending from the
onve
tion zone to the 
orona, where os
illations were produ
ed self-
onsistently by the turbulentmotion in the 
onve
tion zone without any imposed external driver [65℄. A sophisti
ated state-of-the-art treatment of radiative losses was in
luded. The simulations aimed at quantifying the
ontribution of both e�e
ts - �eld in
lination and radiative losses - into the resulting spe
trumof waves at 
hromospheri
 heights. It was found that 5 min os
illations are able to propagatein regions where the �eld is in
lined and strong, in
luding the edges of otherwise verti
al 
uxtubes, whereas in regions where the �eld is verti
al (
enter of 
ux tubes) or weak, os
illationswith periods around 3 min propagate [65℄. Radiative losses were found to play only a minorrole in determining the propagation spe
trum (though no referen
e simulation with radiativetransfer swit
hed o� was performed).There are also alternative me
hanisms for transmission of 5 min os
illations into the
hromosphere, by means of non-linear photospheri
 pulses that 
reate nonlinear wakes leadingto a trail of 
onse
utive sho
ks with 5 min periodi
ity [177℄.3.4. Power distribution at di�erent frequen
iesMany re
ent studies agree that the pe
uliar power shadowing and enhan
ements observed inplage and network areas are related to pro
esses of mode 
onversion and refra
tion at thein
lined magneti
 
anopy in the proximity of the � = 1 layer (see Se
tions 2.1 and 2.2).There have been numerous theories to explain high-frequen
y a
ousti
 halos in plage regions[11; 14; 55; 66; 71; 72; 82; 92℄. Numeri
al simulations of intera
tion of waves with sunspot/plage
ux tubes suggest that the power enhan
ement in halos is produ
ed by mode mixing indu
ed bythe magneti
 �eld, resulting in preferential s
attering from low to high wave numbers [56℄.Alternatively, an explanation has been o�ered based on the enhan
ed high-frequen
y waveex
itation at the regions of intermediate magneti
 �eld strength in halos [71℄ .Single-sour
e numeri
al simulations of magneto-a
ousti
 wave propagation in a magneto-stati
 sunspot model demonstrate that the halo e�e
t happens in a natural way due to theadditional energy input from the high-frequen
y fast mode waves, after their refra
tion abovethe � = 1 layer [82℄. The frequen
y and lo
ation of the halo is extremely sensitive to the relativelo
ation of the � = 1 layer, the 
ut-o� layer and the formation height of a given observedspe
tral line. The halo is produ
ed in those photospheri
 regions where the �eld is intermediate,implying that the Alfv�en speed is lower than the sound speed. The halo is not observed at lowfrequen
ies be
ause these waves are already re
e
ted by 
ut-o� below the transformation layer,and is not observed in the umbra of the sunspot be
ause the refra
tion happens below the layervisible to spe
tral line observations. This model [82℄, as well as the model of mode mixing [56℄suggest that the halo power enhan
ements might be larger in the horizontal velo
ity 
omponent.
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To 
larify the nature of magneti
 shadows, numeri
al simulations of high-frequen
y magneto-a
ousti
 wave propagation in a snapshot of a three-dimensional model of magneto-
onve
tionwere 
arried out [124℄. On their way up, a
ousti
 waves were 
onverted into di�erent modetypes and were refra
ted. The Fourier analysis of this simulation 
learly shown 
hromospheri
shadows, similar to the observed ones. It was 
on
luded that these shadows are linked to themode 
onversion pro
ess and that power maps at these heights show the signature of the di�erentmagneto-a
ousti
 wave modes. Yet another me
hanism to explain power enhan
ements in haloswas proposed based on a
ousti
 waves trapped in �eld-free atmospheres lying below small-s
alemagneti
 
anopies of network 
ores and a
tive regions [92℄.Alternative pi
tures of wave transformation and refra
tion [82; 92; 124℄ are, in fa
t, similar,suggestive that both, halos and shadows, are di�erent manifestation of the same physi
alme
hanism. Re
ent observational results seem to favor the model based on wave transformationand refra
tion as well [135℄. One 
an not ex
lude, though, that other e�e
ts may also playa role [56; 71℄. For example, a
ousti
 halos are found to be 
o-spatial with a
ousti
 glories,lo
ations with enhan
ed seismi
 emission surrounding a
tive regions [39℄. The nature of theglories is di�erent to halos, sin
e they tell us about an in
rease of seismi
 emission, i.e. power ofwaves emanating dire
tly from the wave sour
es, whereas the a
ousti
 halos are just measures ofin
reased wave amplitudes, whatever is the reason. Thus, the last word on the nature of halosis not yet said.4. Con
lusionsSigni�
ant advan
es have been made in our understanding of the physi
s of atmospheri
 wavesand their intera
tion with lo
al magneti
 stru
tures in the photosphere, 
hromosphere and above.Summarizing the vast amount of theoreti
al and observational works reviewed here, we givebelow some brief 
on
lusions and suggestions for perspe
tive future work dire
tions:� The observed distributions of photospheri
 and 
hromospheri
 power of long and shortperiod waves seems to be distin
t over network and plage/fa
ular regions. In the network,long-period 5 min waves seem to be transmitted in the 
lose proximity of magneti
 elements,while short-period 3 min waves are \shadowed" due to the intera
tion of magneto-a
ousti
waves with the more horizontal �elds of the 
anopies. In the stronger-�eld plage regions,short-period (3 min, � = 5 � 7 mHz) halos dominate both in the photosphere and in the
hromosphere, and the propagation of long-period waves is enhan
ed for in
lined �elds, butverti
al propagation has also been reported.The reason for that di�erent behavior may be the variation of the height of the magneti

anopy � = 1 layer, being lower for stronger plage �elds, thus modifying the spe
trum ofwaves rea
hing the heights sampled by photospheri
 and 
hromospheri
 observations.More high-resolution studies are needed in this dire
tion, 
omparing regions with di�erentmagneti
 
uxes, both at the dis
 
enter and 
loser to the limb to get information abouthorizontal velo
ities. Simultaneous measurements of the magneti
 �eld ve
tor are also veryimportant.� On the theoreti
al side, there seems to be still no agreement on the explanation of thepresen
e of ubiquitous long-period waves in the 
hromosphere above network bright pointsand plage. Di�erent observations give eviden
es both for in
lined and verti
al propagation(both upward and downward), at least for the network elements, while theoreti
al modelsseem to point toward the in
lined propagation as a dominant me
hanism. In
linedpropagation re
eives more observational support espe
ially for the strong �eld plage regionswhere it is expe
ted that the slow a
ousti
 waves propagate �eld-aligned in the low-�regime. Future studies should address the propagation in weaker stru
tures, a

ompaniedby observations of more network and inter-network elements.
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� There have been few dete
tions of magneti
 �eld os
illations in quiet solar regions reportedin the re
ent literature. Magneti
 �eld and 
ux os
illations are very hard to dete
t, butan e�ort should be made to in
rease the number of su
h studies, sin
e the amplitude andphase relations between the magneti
 �eld variations and other parameters give valuableinformation on the observed wave types.� Idealized simulations of wave propagation from the photosphere to the 
hromosphere insmall s
ale 
ux tubes are rather well developed. These models have suggested a numberof me
hanisms to transport the energy of the wave to the upper layers. Three-dimensionalsimulations are being developed. A remaining 
hallenge is to 
ouple the sub-photospheri
layers, photosphere, 
hromosphere, transition region and 
orona by means of waves. Thisis needed to understand how (and what amount of) the wave energy 
an rea
h the 
orona,depending on the driver properties, and taking into a

ount all the wave physi
s su
h as3D mode transformation, refra
tion, re
e
tion, non-linear intera
tion, as well as dissipationme
hanisms. It will be interesting in the future to get more insights on the eÆ
ien
y of
onversion to Alfv�en waves on in
lined 
anopy �elds of the quiet Sun small s
ale 
ux tubes,by means of 3D numeri
al simulations.� Os
illations in the surroundings of quiet Sun magneti
 stru
tures in network, plage andfa
ular regions are being observed at extremely high spatial resolution, and their relation tothe magneti
 topology is being 
lari�ed. Theoreti
al models for a
ousti
 halos and shadowsindi
ate that both may have a similar origin, tra
ing mode transformation pro
ess, and fastmode refra
tion and re
e
tion at the in
lined �eld of the magneti
 
anopy. It remains to
larify the relation between the a
ousti
 halos and glories, present on the same lo
ations.Some theoreti
al models for halos suggest that the power enhan
ement in horizontal velo
ity
omponent should be signi�
antly stronger than in the verti
al one. In the future it will beinteresting to study halos and shadows at lo
ations o� the dis
 
enter to shed more light ontheir nature. Models of transformation to Alfv�en waves suggest they will be reinfor
ed atthe periphery of a
tive regions. Che
king this in future observations is important as well.A
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