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Impact of electric potential and magnetic drift on microtearing modes stability

The stability of a microtearing mode (MTM) as a function of collisonality is investigated by means of linear reduced model and numerical simulations using the gyrokinetic code GKW. The study is focused on the role of the electric potential and the magnetic drift, which are potential candidates to explain the destabilization of MTM observed at low collisionality in some recent gyrokinetic simulations. In the simulations, the magnetic drift and electric potential are found destabilizing in the presence of a finite collisionality. This destabilizating role is captured in the analytical calculation, which further highlights the requirement for a finite collisionality.

INTRODUCTION

Improvement of tokamak performance is possible thanks to the spontaneous onset of a high confinement mode (H-mode). The H-mode 1,2 is characterised by the formation of a narrow and insulating region inside the last closed flux surface, called pedestal. In this region, the radial transport is reduced and a steep pressure gradient is observed. The height and width of the pedestal strongly impacts the energy confinement time. Presently the "EPED" model 3,4 , based on the stability of large and small scales MagnetoHydroDynamic (MHD) modes, is most commonly used to characterize the pedestal region. The EPED model has been extensively used and several numerical simulations using experimental data are in fair agreement with the observations. However, recent gyrokinetic simulations using the JET-ILW experimental equilibrium profils suggests that another class of instabilities, called microtearing modes (MTM), may also influence the pedestal height and width by generating a large electron heat transport level 5 . MTM physics is not presently included in the EPED model. This microinstability is a possible candidate to explain the anomalous electron heat transport in tokamaks [6][7][8] . Microtearing modes (MTMs) are small scale tearing instabilities with a toroidal (n) and poloidal (m) mode numbers larger than conventional tearing modes. MTM modifies the magnetic field line topology at the ion Larmor radius scale and leads to the formation of magnetic islands. The discovery of collisional MTM driven by electron temperature gradient is attributed to Hazeltine et al. 9 , in 1975 and has been responsible for several developements of the linear stability theory. Past analytical work predicted a peaked growth rate of MTM at a finite value of collisionality and decrease down to a negative value in the collisionless regime. Hazeltine et al., proposed a kinetic description of a slab current sheet destabilized by an electron temperature gradient leading to a tearing instability in the collisional regime only. In 1977, Drake and Lee 10 , using a cylindrical geometry, studied in details the stability of MTMs driven by an electron temperature gradient in three regimes of collisionality, "collisionless", "semi-collisional" and "collisional". By means of analytical calculations they predicted unstable MTMs in the presence of collisions and stable MTMs in the collisionless regime. In 1980, Gladd et al. 11 established a new analytical calculation in slab geometry including the effect of the electric potential. The electric potential was found destabilizing in the presence of collisions. The role played by the trapped particles in MTMs destabilization has been investigated by Catto et al., in 1981 12 and by Connor et al. 13 in 1990. A derivation of a dispersion relation in realistic tokamak geometry was formulated showing that trapped electrons are destabilizing in the presence of collisions. In 1989, Smolyakov 14 showed that drift effects can give rise to small-scale magnetic islands called "drift magnetic islands". Then, in 1990, Garbet et al. 15,16 suggested analytically that MTM is unstable nonlinearly and generates electron heat transport. In summary, past analytical work predicted MTM stable in the collisionless regime and driven by the electron temperature gradient in a slab magnetised plasma. The analytical calculation was then improved in 2015 by Zocco et al. 17 . A novel hybrid fluid-kinetic model was developped, showing that the electric potential destabilizes MTMs in presence of collisions. The destabilization of MTM in the collisionless regime by the interchange effect was recently investigated by means of a fluid theory neglecting the electric potential 18 . Clearly, the physical mechanisms at play in the MTMs destabilization in both the collisional and collisionless regime are not all well understood owing to the number of parameters (electric potential, interchange, trapped particles, magnetic drift,...) potentially involved. Futhermore, tokamaks operate at high temperature and therefore low collisionality at which MTM are not expected to be unstable. This claim caused a lessened interest in these micro instabilities as a relevant drive of turbulence. However, recent investigations using differents gyrokinetic codes predicted MTMs to be unstable in tokamak experimental conditions. MTM was found unstable in standard tokamak JET 5,20 , ASDEX 21,22 and DIII-D 23 , in spherical tokamaks [6][7][8][24][25][26][27][28] and in Reverse-field pinch 30,31 . The existence of MTMs in tokamaks highlights the need to determine the role played by this micro-instability in differents collisionality regimes. Numerically, MTMs dominate at the top of the pedestal and can generate an electron heat transport. To better understand the mechanisms which can destabilize MTM, a reduced kinetic model must be extended to include the electric potential, the magnetic drift, the trapped particles, the interchange effect and the collisions.

In previous studies, a linear dispersion relation of a slab microtearing mode using a kinetic approach was established and compared with linear gyrokinetic simulations 33 . The linear stability of the collisionless MTMs predicted by the theory [9][10][11][12][13][14]16 is found consistent with numerical simulations using the gyrokinetic code GKW 32 . MTMs are stable in collisionless regime. The purpose of this paper is to establish a kinetic reduced MHD model noted KRMHD model, including electric potential, magnetic drift, interchange effect and collisions to better understand their role in MTM destabilization. The effect of the trapped electrons is neglected in this reduced model. Then, the KRMHD model is compared with numerical simulations using GKW.

The paper is organized as follows. In Section I, a dispersion relation of a current sheet model is derived including electric potential, magnetic drift and collisions in a kinetic framework. This KRMHD model is a derivation of a current sheet model by solving the Fokker-Planck and Maxwell equations. The Fokker-Planck equation, required to evaluate the current inside the resistive layer, is solved in ballooning representation. The full expression of the current inside the resistive layer is rather complex. This complex form can be simplified by using an effective magnetic drift. In section I A a dispersion relation including only the magnetic drift is found. It appears that the magnetic drift destabilizes MTMs only in conjunction with a finite collisionality 34 . In section I B, the full electromagnetic problem is investigated. With both electric potential and magnetic drift, the evaluation of the current inside the resistive layer is obtained from a system of two equations linking the vector potential and the electric potential. This system of equations have been solved numerically using an eigenvalue code, called "Solve_AP". In section II , a description of the gyrokinetic equations used in the GKW code is given. Stressing which terms need to be retained/neglected to solve equations similar to the KRMHD model. Physical mechanisms are added in GKW step by step to identify their effect on MTM stability.

I. KINETIC MODEL OF MICROTEARING MODES

The fundamental aspect of the physics behind the microtearing instability is the creation of a parallel current at a resonant flux surface (q = m/n, where q is the safety factor). Current sheets are strongly localized around the resonant surface. Linear gyrokinetic simulations 33 show that the mode structure is peaked at the low field side mid-plane and rotates in the electron diamagnetic direction. The width of the current layer, typically a few ρ e , and the sensitivity of magnetic reconnection to dissipation make the numerical calculations of MTMs challenging: it requires a high numerical resolution and a very weak numerical dissipation, especially at low collisionality. The improvement of the analytical model is crucial, first to better understand the role played by the different physical parameters, but also because it is free from the sensitivity to numerical resolution and dissipation.

We consider a simple geometry of circular concentric magnetic surfaces where r is the minor radius, ϕ the toroidal angle and θ the straight field line poloidal angle. The ballooning representation 19 appears as the appropriate tool to study MTM including the magnetic drift and the electric potential. The KRMHD model is derived in the "ballooning" space using the field aligned coordinates (r, α, η). Here, α = ϕq(r)θ is a transverse coordinate and η = θ is the coordinate along the unperturbed field lines. Any perturbed field, for instance the vector potential A , at given toroidal wave number n and complex frequency ω, is written:

A (r, α, η, t) = ∞ ∑ p=-∞ Â (η + 2pπ) exp {inα + inq(r) (η -η k -2pπ) -iωt} + c.c. ( 1 
)
Where q is the safety factor (near the rational surface q = m/n where m and n are, respectively, the poloidal and the toroidal mode numbers) and η k is the ballooning angle. The evaluation of the perturbed current along the magnetic field line J = ∑ species e d 3 v f nω v is obtained from the distribution function of each charged species whose evolution is given by the Fokker-Planck equation for each charged species, including the magnetic drift, electric potential fluctuations and collisions. The distribution function f nω for each species at given nω is split in an unperturbed part F M taken as an unshifted Maxwellian of temperature T eq , and a perturbed part fnω η, v , µ , where v is the parallel velocity and µ the magnetic moment. The perturbed distribution function fnω is itself written as the sum of an adiabatic part and a resonant part fnω = -F M ĥnω T eq + ḡnω , where ĥnω = e φv  is the perturbed Hamiltonian, φ(η) and  (η) are the n, ω Fourier components of the electric and vector potentials and e is the algebraic charge.  and φ determine the perturbed magnetic and electric fields:

B = ∇ × ( Â b) and Ê = -∇ φ - ∂ Â ∂t .
The resonant part ḡnω , is solution of the following kinetic equation:

ω -k v -ω d ḡnω = F M T eq (ω -ω * ) J ĥnω + iC( ḡnω ) (2) 
The complex frequency ω = ωr + i γ contains the mode frequency ωr and the mode growth rate γ. J is the gyro-average operator, C is a linearized Fokker-Planck electron-ion pitch-angle scattering collision operator and

ω * = ω * T ( 1 η e + ζ 2 -3 2 ) is the kinetic diamagnetic frequency with ζ = v/v The and ω * T = k θ ρ i 2 m e m i v The R R L Te
where v The = √ 2T e /m e is the electron thermal velocity. The electron and ion mass and temperature are noted m e , m i , T e and T i , respectively. In ballooning representation, k must be understood as an operator which is a derivative along the magnetic field line -i 1

q 0 R 0 ∂ ∂η .
The magnetic drift frequency is defined as:

ω d = nq 0 r 0 mv 2 + µB 0 eB 0 R 0 (cos η + s 0 (η -η k ) sin η) (3)
where η k is the ballooning angle and s 0 = rdq qdr r=r 0 the magnetic shear at the reference resonant surface. Note that in ballooning representation |∇ ⊥ | 2 should be re- placed by

k 2 ⊥ = k 2 θ 1 + s 2 0 (η -η k ) 2 ,
where k θ = -nq 0 r 0 is the reference poloidal wave number. Finally it is convenient to replace the distribution function ḡnω by ĝnω = ḡnω -F M T eq e ω-ω * ω J φ. The linear dispersion equation for MTM including both magnetic drift and electric potential can be obtained by solving the Ampère law and Poisson equation written in a variational form:

L = - 1 µ 0 d 3 x ∇ ⊥ A 2 + d 3 x(J A * -ρφ * ) (4)
where ρ is the charge density and the complex conjugate of the electric potential and the vector potential are noted respectively φ * and A * . The extremalisation of the functional with any variation of φ * and A * is equivalent to the linearized Poisson and Ampère equations. One important property of L is that it vanishes when φ and A match the solution of Maxwell equations. It turns out that the Hamiltonian formulation is not the most suitable one to get close to the traditional resistive MHD formulation. Indeed, one would like to involve the parallel electric field rather than a perturbed Hamiltonian ĥnω . This is done via the following transformation:

ĥnω e = ω -k v -ω d ω φ + ω d ω φ -v Ê (5) 
Where Ê = Âk ω φ is proportional to the parallel electric field. Replacing the expression of the perturbed current in the functional we obtain the following expression:

L = - 1 µ 0 d 3 x ∇ ⊥ Â 2 + dτ F M e 2 T i,eq ω -ω * i ω 1 -J 2 φ 2 + ∑ species dτ F M e 2 T eq ω * ω d ω 2 J φ 2 + ∑ species L res (6)
where

L res = -e dτ ĝnω J ω d ω φ -v Ê * (7) 
where dτ = d 3 xd 3 p is the volume element in the ballooning phase space. The first term represents the magnetic energy, and gives rise to the field part of the Ampère equation. The second term is the polarization term (including diamagnetic corrections): it results from both ion and electron contributions. The third term is the interchange drive responsible for the ballooning instability. The last term is associated with the resonant response of ions and electrons. The latter is of particular interest. Ions are considered collisionless and the ion resonant contribution is neglected. An electron-ion pitch-angle scattering collision operator is used in the Eq.( 2):

C( ĝnω ) = 1 2 ν ei (v) ∂ ∂ξ 1 -ξ 2 ∂ ĝnω ∂ξ . ( 8 
)
Where ν ei (v) is the electron-ion collisional frequency and ξ = v v is the pitch-angle variable (which varies between -1 and 1 and v the velocity modulus). It is then convenient to expand the perturbed distribution function over a basis of Legendre polynomials restricted to the first two components. Then, the distribution function becomes a solution of a differential equation that is solved using a WKB approximation [START_REF] Heading | An introduction to Phase Integral Methods[END_REF] . More details about this calculation are given in 34 . Eq.( 6) is the exact solution of the problem including electric potential, magnetic drift, interchange effect and collisions. This solution is not tractable. To simplify it, an effective curvature magnetic drift is employed in the following.

A. Effect of Magnetic drift

Asymptotic matching in ballooning space

In this part, we focus on the magnetic drift and neglect the electric potential. Outside the resistive layer (currentless region), A decays as A (0)e -|k θ x| , where x is the radial distance to the resonant surface of the mode. Note that the slab current sheet is very thin and localized around the resonant surface:

δ J = Ls L Te ρ e ν ei ω * << 1 k θ (9)
Where L s is magnetic shear length L s = qR/ ŝ, L T e is the electron temperature gradient length scale and ρ e is the electron Larmor radius. Inside the layer where a current develops, A is assumed to vary slowly consistently with a "constant A " approximation (A is constant in the current layer) 37 . The matching of the internal and external solutions in physical space is presented in 34,37 . Here the same procedure is translated in the ballooning space. The external mode away from the resistive layer in physical space becomes a localized solution, near η = 0 in ballooning space.

 (η) = -µ 0 Ĵ (0) [1 + s 2 0 η 2 ]k 2 θ =  (0) 1 1 + s 2 0 η 2 (10) 
Where

∇ 2 ⊥ Â (η) is replaced by k 2 ⊥ Â (η) = k 2 θ [1 + s 2 0 (η -η k ) 2 ]
in the Ampère equation. Eq.( 10) yields a localization of A around η = 0 (low field side midplane) comparable to that obtained in the simulations, see Fig. (4). Then, the internal solution  (x) which is constant in the physical space becomes a function  (η) in the ballooning space. Note that, for circular flux surfaces and small aspect ration = r/R << 1, with r and R the minor and major radius of the surface, respectively the coordinate along the magnetic field lines used in GKW becomes s = η/2π [START_REF] Peeters | GKW how and why[END_REF] . This asymptotic matching gives the new following expression of the functional:

L = L mag + L res (11) 
where

L mag = - 1 µ 0 +∞ -∞ dη 2π k 2 θ 1 + s 2 0 η 2 Â (η) 2 ( 12 
)
and L res is given by Eq.( 7) with Ê = Â , when the electric potential is neglected. We restrict the analysis to a zero ballooning angle η k = 0, localized mode. Plugging Eq.( 10) into the functional L mag provides the following form of L mag

L mag = - 2 |k θ | µ 0 |d| A (0) 2 ( 13 
)
Where d is the distance between resonant surfaces. All calculations done, the resonant term becomes:

L res = i π √ 3 qR 0 A (0) 2 × +∞ 0 dv4πv 3 F M e 2 T eq ω -ω * 1 + i ν ei (v) ω-ω d (v,0) 1/2 (14) 
Hence the total functional L = L mag + L res becomes

L = - 2 |k θ | µ 0 |d| A (0) 2 + i π √ 3 qR 0 A (0) 2 × +∞ 0 dv4πv 3 F M e 2 T eq ω -ω * 1 + i ν ei (v) ω-ω d (v,0) 1/2 (15)
Where , where ν ei,th is the thermal collision frequency. The condition L = 0 then reads

ω d (v, η) = ω d (v, 0).
1 β = 8i π 3 +∞ 0 dξξ 9 2 e -ξ 2 Ω -Ω * (ξ) ξ 3 + i νei Ω-Ω d ξ 2 1/2 (16) 
where β = 2µ 0 N eq T e,eq B 2

q 0 R 0 s 0 L Te 1 k θ ρ e , ρ e = m e v Te eB 0 , Ω * (ξ) = 1 η e + ξ 2 -3 2 , η e = L ne L Te and Ω d = L Te R 0 4 
3 . In the absence of magnetic drift Ω d = 0, the previous result obtained for a slab collisional tearing mode is qualitatively recovered 33 . The magnetic drift is found to be destabilising, but only in conjunction with a finite collisionality 34 . The use of an effective magnetic drift is somewhat justified by the localization of the mode around the low-field-side midplane, Fig. 4. A comparison between the analytical calculation Eq.( 16) and numerical simulations will be presented in section II. The logical next step to understand the MTMs destabilization mechanisms is to add the electric potential in the calculation.

B. Effect of the electric potential in MTM destabilization

We now go back to the full electromagnetic problem. In the reduced model, the Fokker-Planck equation is averaged over the cyclotronic motion (gyroaverage). J is the gyroaverage operator which is defined as the Fourier transform of the Bessel function of zero-th order. For k ⊥ ρ i << 1, the Bessel function is approximated and replaced by 1 -J 2 = 1 2 k 2 ⊥ ρ 2 i for ions and by 1 for electrons, ρ e ρ i = m e m i << 1. In the resistive layer, k ⊥ k r 1/δ e , k ⊥ and k r are the perpendicular and radial wave number and δ e ρ i = ρ e ρ i L s

L Te is the collisionless layer width. The KRMHD model is valid for the following condition, δ e >> ρ i . In the opposite limit (k ⊥ ρ i → +∞), this approximation is not valid. Let us start from Eq.( 6). The ion polarization functional then becomes:

dτ F M e 2 T i,eq Ω -Ω * i Ω 1 -J 2 φ 2 = d 3 x N eq m i B 2 0 Ω -Ω * pi Ω ∇ ⊥ φ 2 (17)
where

Ω * pi = ω * pi ω * Te with ω * pi = - k θ T i,eq e p B 0 L pi
, L pi is the ion pressure gradient length. The final form of the functional then becomes

L = - 1 µ 0 d 3 x ∇ ⊥ Â 2 + d 3 x N eq m i B 2 0 Ω -Ω * pi Ω ∇ ⊥ φ 2 + ∑ species d 3 x N eq m i B 2 0 Ω * Ω d Ω 2 J φ 2 + L res (18) 
The complex form of the functional Eq.( 18) can be simplified by assuming as in section I A an effective magnetic drift.

L res = 1 µ 0 d 2 e ∞ -∞ dx |d| σ(x) Â - k ω φ 2 (19) 
Where d 2 e = c ω pe is the electron skin depth (ω 2 pe = N eq e 2 /m e 0 , ω pe is the electron plasma frequency). The dimensionless "conductivity" σ is defined as

σ(ρ) = - 2 3 +∞ 0 dζF M ζ 2 Ω -Ω * (ζ) Ω -Ω d ζ 2 + i ν ei ζ 3 -1 3 ρ 2 ζ 2 Ω-Ω d ζ 2 (20)
where Ω d is an effective magnetic frequency calculated at η = 0 and ρ = x/δ e is the radial coordinate. The extremalization of the functional in the physical space provides a set of two equations

∇ 2 ⊥ ψ + β * σ(ρ, ζ) ψ - ρ Ω φ = 0 (21) ∇ 2 ⊥ φ + µ e ρ Ω σ(ρ, ζ) ψ - ρ Ω φ -C int φ = 0 (22) 
Where ψ = v the  and

µ e (Ω) = m e m i L 2 s L 2 Te 1 1 Ω ( 1 η e + 1) + 1 and β * = L s L Te 2 β e (23) 
The quantities (β * , µ e ) are defined to have compact equations. C int is a coefficient associated with the interchange term:

C int = (1 + 1 η e ) 1 + 1 Ω 1 + 1 η e 1 Ω 2 L s L T 2 m e m i 2L T R (24) 
This system is nothing else than the equations of reduced MHD where the Spitzer [START_REF] Spitzer | Physics of Fully Ionized Gases[END_REF] conductivity is replaced by the kinetic conductivity σ(ρ, ζ) 30 . We call it kinetic reduced MHD model (KRMHD). To solve Eqs. (21,22) this system of equations, is written in a matrix form. Using finite differences  is assuming to decay at large |x| as  ∼ exp(-|k θ ||x|). The matching with the external solution is represented by the ∆ parameter, which defined for a microtearing mode by ∆ = -2|k θ |. The asymptotic matching allows fixing the boundary conditions. When x = 0, the boundary conditions are: (21,22) are solved far away from the current layer. These equations are then implemented in an eigenvalue code, called "Solve_AP". The results obtained from "Solve_AP" are directly compared with gyrokinetic simulations using a version of GKW close to the theoretical model. A reasonable agreement is observed in the long wavelength limit, δ e >> ρ i . Fixing revelant physical parameters (Table III) to be in this limit, we seek the growth rate and the frequency of the mode solution of this system of equations. This comparison is presented in section II.

II. NUMERICAL INVESTIGATION OF THE STABILITY OF MTMS

All the results presented in this part use the local version of GKW. The gyrokinetic Fokker-Planck equation of the perturbed distribution function fgy is solved in the electromagnetic case with a perturbed electric potential φ and a pertubed vector potential  in the flux-tube approximation. To be closer to the assumption of the analytical calculation of section I, a linearized collision operator with pitch-angle scattering only is used. Non-linearities, particle trapping, neoclassical transport and magnetic field compression are switched off. The gyrokinetic equation solved in this section can be written in the form:

∂g ∂t = I + I I + V + V I I + V I I I (25) 
where I = -v b.∇ fgy (25.1)

I I = -v d .∇ fgy (25.2) V = -v χ .∇F M (25.5) V I I = Ze T v .∇J φF M (25.7) V I I I = - Ze T v d .∇J φF M (25.8)
The notations of these terms follow the notations used in the GKW user guide [START_REF] Peeters | GKW how and why[END_REF] . I is the free streaming motion along the field line, II is the magnetic drift in the perturbed distribution function, V is the perturbed drift into the background distribution, VII is the parallel Landau damping term, VIII is the perpendicular Landau damping. In the terms written above v b is the parallel motion along the unperturbed field, v d the drift motion due to the inhomogeneous field and v χ is a combinaison of the perturbed E × B velocity (v E = b × ∇J φ/B) and the parallel motion along the perturbed field line ratio of plasma kinetic to magnetic pressure) and to the electron temperature gradient R/L Te 9,10,33 . Their values are chosen to have a sufficiently high MTM growth rate at high collisionality. As explained in the introduction the numerical study of MTM is challenging. MTMs are localized around the resonant surface. The current sheet is very thin, which implies having a high numerical resolution and a weak numerical dissipation, in particular at low collisionality. At low collision frequency the artificial numerical dissipation implemented in the code to ensure the stability of the numerical schemes can play the role of collisions leading to a destabilization of MTM in this regime. The numerical resolution used for the numerical simulations is presented in Table II. The number of points per poloidal turns N s and the number of poloidal turns N pol (an equivalently connected radial modes) have been adjusted to enable an accurate description of the mode. Note that for ITG modes, N s = 24 and N pol = 5 is usually sufficient. N µ is the number of magnetic moment grid points, N v is the number of parallel velocity grid points.

(v δB = -b × ∇v J A /B) then v χ = v E + v δB .

III. NUMERICAL INVESTIGATION OF THE ROLE PLAYED BY THE ELECTRIC POTENTIAL AND MAGNETIC DRIFT

A. MTMs unstable in presence of collisions

The role played by the electric potential and the magnetic drift is investigated numerically. The electric potential and magnetic drift are switched on step by step in the GKW to better understand their role in the MTM destablisation. Fig. 1 illustrates the role played by the magnetic drift and the electric potential. Without electric potential and without magnetic drift (black square), it appears that MTMs are stable at both low and high collisionality. For intermediate collisionality, typical of value in the pedestal region, MTMs are unstable, destabilized by the electron temperature gradient. A fair agreement between analytical calculation and numerical simulations was found, details can be found in 33 . The magnetic drift is then added in the code (green plus sign curve). Without the electric potential, the magnetic drift destabilizes MTMs in the intermediate collisionality. The role played by the electric potential is now investigated. The electric potential has been added in GKW and the magnetic drift has been switched on or off (the blue triangle and the red cross curve in the Fig. 1 respectively. It appears, without magnetic drift and with electric potential, another branch with opposite parity appears at high collisionality (purple triangle). These modes are giant electrons tails [START_REF] Hallatschek | [END_REF] . The growth rate definitely vanishes at low collisionality, as shown in Fig. 1 whereas the growth rate of MTMs increases then rolls over and decreases in the strong collisional regime. Finally, with magnetic drift and the electric potential (red cross) MTMs are more unstable but still stabilized at very low electronion collisions. For this set of parameters (Table I), the electric potential and magnetic drift destabilize MTM Figure 1: Growth rate of the microtearing mode as function of the electron-ion collision frequency. Different cases have been studied to better understand the role played by the magnetic drift and the electric potential. First case, without electric potential and without magnetic drift (black square), second case without electric potential and with magnetic drift (green plus sign), third case with electric potential and without magnetic drift (blue triangle) and the last case with both electric potential and magnetic drift (red cross) in the intermediate collisionality. In 28 and [START_REF] Swamy | [END_REF] , MTMs are found unstbale is collisionless regime. It appears that the trapped particle in this regime play an important role in the MTMs destabilization. For the set of parameters presented in the Table I, we add in GKW code the effect of trapped particles which amounts to adding the following term in the Eq.25:

IV = + b m . µ∇B + ∇ξ Ω ∂ f ∂v ( 26 
)
The term IV 26 calculates the mirror trapping terms.

In the Fig. 2, when 10 -3 < ν GKW ei < 10 -2 , the trapped particles destabilize MTMs and when ν GKW ei > 10 -2 MTMs are stabilized. At low collisionality, ν GKW ei < 10 -3 , the trapped electrons modes (TEM) are the dominant modes, blue square curve in the Fig. 2. Starting with the Fig. 2, is not possible to conclude about the stabilization of MTMs by the trapped particles in collisionless regime. Before adding an additional difficulty, which is the effect of the trapped particles, in the understanding of the MTMs destabilization, let's look at the first time the role played by the magnetic drift. In the next part, a comparison between the analytical model, considering only the effect of magnetic drift (Eq. ( 16)), with GKW simulation is presented. The red cross curve is the same curve presented in the Fig. 1, the electric potential and magnetic are considered whereas the trapped particles are neglected. The effect of trapped particles is added in the GKW code, blue and green square curves.

B. MTMs destabilized by the Magnetic drift

Using the set of parameters in Table I and the numerical resolution in Table II a comparison between Eq.( 16) and numerical simulations has been done. Fig. 3 shows the numerical and analytical growth rate of MTMs as a function of the electron-ion collisionality frequency, ν GKW ei . To compare the mode frequency and growth rate of MTMs with GKW simulations, the theoretical collision frequency, νei , has been normalized using GKW normalization:

ν GKW ei = νei k θ ρ i 2 m e m i R
L Te . In Fig. 3, it appears that MTMs are stable at both low and high collision frequency. At intermediate collisionality ν GKW ei R/v thi ∼ 10 -2 -10 -1 , typical the pedestal region, MTMs are destabilized. Analytical theory and simulations are found to agree. Quantitatively, the agreement is satisfactory in the intermediate whereas differences start to arise at low and high collisionalities. At low collisionality, the expansion of the perturbed distribution function over a basis of Legendre polynomials restricted to the two first components to express the collision operator could explain the difference observed between the analytical calculation and numerical simulations. At high collisionality, the current sheet width becomes wider, and the "constant ψ" approximation is debatable 11 . The main result here is that the magnetic drift plays an important destabilizing role but only in conjecture with a finite collisionality. The fair agreement between the linear theory and GKW simulations and the structure of the mode presented in the Fig. 4 legitimates a posteriori the use I.

of an effective magnetic drift in the electromagnetic model.

C. Structure of microtearing modes

In the GKW 32 code, MTMs are clearly identified by their eigenfunctions.

Numerical simulations show that the perturbed electric potential φ is odd and extended along the magnetic field lines whereas the vector potential  is even and more localized around the low field side midplane. This agrees with the classical theory of tearing/microtearing mode. Fig. 4 shows the real (blue curve) and imaginary (red curve) parts of the eigenfunctions for linear simulations. The black curve represents the real part of the mode found analytically using the set of parameters given in TableI. In the Fig. 4. (a), the blue and black curve represent the real part of the vector potential  (s) along the magnetic field line.  (s) is even and localized around the resonant surface. The radial structure expected by the theory (Eq. 

(η) = Â (0) 1 1+s 2 0 η 2 .
The localization of the vector potential near η = 0 a posteriori justifies the use of an effective magnetic drift in the analytical calculation. Moreover, in the radial direction, away from the current layer A decays as A (0)e -|k θ x| (Fig. 4). (b)).

D. Electric potential and magnetic drifts destabilize MTMs in conjunction with collisions

Now, the full electromagnetic calculation is directly compared with GKW simulations. Fig. 5 shows the real and the imaginary part of the electric potential along the magnetic field and in the radial direction.

φ is odd and extended along the magnetic field lines and localized around the resonant surface. In Fig. 6, the linear growth rate of MTMs obtained from the eigenvalue code that solves KRMHD equations is Table III: Revelant input parameters used for the KRMHD model and the linear simulations with GKW. q s β(%) R/L Te R/L Ti R/L ne k θ ρ i 2.2 0.3 0.9 10 0 0.26 0.22 0.3 compared with the numerical simulations using GKW.

A reasonable agreement between "Solve_AP" and the GKW simulations is found. The main result is, MTMs are only destabilized in the presence of collisions. The magnetic drift and the electric potential play and important role in the MTM destabilization that in the local limit and neglecting trapped particles. There is a fair agreement between "Solve_AP" and numerical simulations despite the approximations done, i.e ψ- III.

constant in the current layer and the use of an effective curvature in the KRMHD model

IV. CONCLUSION

In conclusion, a kinetic dispersion relation of microtearing modes has been developed to model the current sheet including the electric potential, magnetic drift and collisions. It has been compared direclty with numerical simulations using the gyrokinetic code GKW. Electric potential and magnetic drift play an important role in MTM destabilization. The localisation of the vector potential in the ballooning space allows using an effective curvature. Step by step the magnetic drift and electric potential are included in kinetic reduced MHD model and compared with GKW simulations. An analytical dispersion relation including only the magnetic drift is formulated. A fair agreement between the analytical model and GKW simulations is observed. It appears that the magnetic drift can destablize MTM only in conjunction with a finite collisionality. Then, the electric potential is added and a reasonable agreement between the numerical simulations and a reduced kinetic MHD model is found. The main result is that MTMs are destabilized by the electric potential and magnetic drift onlyin conjecture with a finite collisionality. Then, we have compared the radial structure of the vector potential assumed by the theory in real and ballooning space with that obtained from numerical simulations. We have found a good qualitative agreement between the two structures. It is very important to stress that the study of the stability of microtearing especially at low collisionality requires a very high resolution to describe correctly the current sheet. The purpose of the future work is to improve the kinetic reduced MHD model by taking into account the physic of the trapped particles to understand their role in the MTMs destabilization.

2 .

 2 Effect of magnetic drift on microtearing modes stability Starting from Eq. 15), a dispersion relation including the magnetic drift and collisions is formulated. It is convenient to normalize all frequencies to the electron temperature diamagnetic frequency ω * Te = k θ T e,eq eB 0 L Te and all velocities are normalized to the electron thermal velocity v Te = 2T e,eq m e . Hence, Ω = ω ω * Te , Ω d (v, η) = ω d (v,η) ω * Te , Ω * = ω * ω * Te and νei = ν ei,th ω * Te

  d  dx | x=0 = 0 and φ(0) = 0. When |x| → +∞, the conditions are: | φ| → 0 and |  | → exp(-|k θ ||x|). Eqs.

Figure 2 :

 2 Figure 2: Growth rate of the microtearing mode as function of the electron-ion collision frequency. Different cases have been studied to better understand the role played by the trapped particles.The red cross curve is the same curve presented in the Fig.1, the electric potential and magnetic are considered whereas the trapped particles are neglected. The effect of trapped particles is added in the GKW code, blue and green square curves.

Figure 3 :

 3 Figure 3: Left: analytical and numerical linear growth rates. Right: the analytical and numerical real frequency of microtearing modes as a function of electron-ion collision frequency ν GKW ei for the set of parameters presented in TableI.

Figure 4 :

 4 Figure 4: Real and imaginary parts of the numerical eigenfuntion of a MTM at ν GKW ei (v thi /R re f ) = 0.016 using the set of parameters given in Table I. (a): vector potential  (s) along the magnetic field line in the ballooning space. (b): radial structure of the vector potential A (x) in real space. Dashed lines indicate resonant surfaces

Figure 5 :

 5 Figure 5: Real and imaginary parts of the numerical electric potential eigenfunction of a MTM at ν GKW ei (v thi /R re f ) = 0.016 using the set of parameters given in Table I. (a): electric potential φ along the magnetic field line in the ballooning space. (b): radial structure of the electric potential φ(x) in the real space. Dashed lines indicate resonant surfaces.

Figure 6 :

 6 Figure 6: Comparison between linear analytical growth rate (a) and frequency (b) of MTMs with the GKW growth rate of these modes as the function of the electron-ions frequency using the set of parameters presented in TableIII.

Table I :

 I F M is a Maxwellian and ĝgy = fgy + Ze T v .∇J A F M . The revelant physical parameters used in the simulations are presented in TableI. MTMs are sensitive to β (the Revelant input parameters used for the theoretical calculations and the linear simulations with GKW.

	.	q 1.34 1.08 1.55 s β(%) R/L Te R/L Ti R/L ne 8 0 0.26 0.22 0.3 k θ ρ i

Table II :

 II Numerical resolution using in gyrokinetic simulations.

	N µ Nv	N s N pol
	16	60	79 99
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