Astron. Astrophys. 357, 301-307 (2000) ASTRONOMY
AND
ASTROPHYSICS

Braking of electrons in pulsar magnetospheres by Compton scattering
in thermal radiation fields

R. Supper and J. Trimper
Max-Planck-Institut fir Extraterrestrische Physik, Postfach 1603, 85740 Garching, Germany

Received 3 December 1999 / Accepted 17 February 2000

Abstract. Electrons accelerated at the polar cap of a pulssparking initiated by pair cascading in the strong magnetic field.
lose energy by interactions with the thermal photospheric raieth reduce the height of the gap and the end energy of the
ation. Using Michel’s acceleration model (1974) we present afectrons. Zhang & Qiao found in some cases the ICS much
analytical treatement of these braking processes taking into amre important than the CR.
count curvature radiation as well as resonant and non—-resonantAmong the publications based on the acceleration model
inverse Compton scattering and the distribution of the thernal Michel (1974) the most recent and most extension work of
photons originating from the polar cap. Results are obtained fturner (1995) used Monte Carlo simulations to calculate the
a wide range of pulsar parameters. It turns out that for photnergy transfer caused by ICS. Additionally he investigated CR
spheric temperatures beloW” = 100 eV and polar magnetic and triplet pair production. The calculations revealed ICS as the
fields belowB = 102 Gauss braking by inverse Comptordominant energy loss process for electron energibslow a
scattering has negligible influence on the end energy of tfeev x10°. Above this threshold energy loss by CR dominates
electrons around the polar axes. For magnetic field strength tereas triplet pair production was generally found to be unim-
tween10'2® and10'3® Gauss the energy loss is significant byportant (for typical gamma-ray pulsar parameters), except for
depends on the pulsar rotation period. In the case of very higgry low electron energies with = 1.
temperatures such &§" = 1keV the energy loss is dramatic  Using Monte Carlo Methods Sturner calculated the limiting
within a wide range of magnetic field strengths. Millisecondnergy of electrons for two magnetic field strengis ¢ 10'2 G
pulsars are not affected. and1.58 x 10'? G) and four temperatures betweka and3.5 x

10% K. Additionally, he fixed the rotation period of the neutron

Key words: acceleration of particles — radiation mechanismgar to 0.'150 seconds. .
In this paper, we present an analytical treatment of the ICS

thermal — scattering — stars: neutron — stars: pulsars: general : . ; . .
9 P 9 problem including CR in the case of Michel's acceleration

model and show results of numerical integrations of the devel-
oped differential equations. The anisotropy of the distribution
of the thermal photons originating from the hot thermal cap is
1. Introduction explicitely considered. The relevant parameters like magnetic

. field strength, thermal temperature of the hot polar cap and
Electrons accelerated near the polar cap of pulsars intefaghyion period of the neutron star have been varied within a

with the thermal radiation emitted bY the photosphere Via_nf)(h_lde range of pulsar parameter values. In addition, we briefly
resonant and (cyclotron) resonant inverse Compton collisiogi§ ;s to what extent our results are relevant for other polar
(e.g. Kardashev etal. 1984). Several groups have examined haW o -celeration models, like the one described by Arons &

these processes affect the end energies of electrons and the §Iftz, jemann (1979) which explicitly considers the effect of the
duction of gamma rays. For the electron acceleration model @foqence of the magnetic field lines or the model of Muslimov
Michel (1974) important results have been published by Stur

) o rE"Tsygan (1992) which describes the influence of the general
(1993), Stu'rner_& Dermef (1994), Sturner etal. (1995), S_tumr%rlativistic frame dragging effect on the acceleration field.
& Dermer (1995), and Sturner (1995). Results concerning the
Ruderman & Sutherland modél (1975) have been published by

Xia et al. [1985), Daugherty & Harding (1989), Chahg (1995), o _
Zhang & Qiao[(1996), and others. 2. Theory of relativistic inverse Compton scattering

Zhang & Qiao|(1996) compared inverse Compton scatteri@g, he sake of completeness we summarize in Sects. 2.1 and
(ICS) with curvature radiation (CR) under the condition of gap 5 the pasic formulars describing the relativistic non—resonant

and resonant inverse scattering processes.
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2.1. Non-resonant inverse Compton scattering Here,or = 87m/3(e?/m.c?)? is the Thomson cross section,

L : . €(0) = mec®/2v(1 — Bcos f) denotes the change from Thom-
Let us begin with Thomson case without a magneticllieTthe son case to Klein—Nishina case, and the quantities

average rate of photons scattered by relativistic electronsis given

(e.g. Feenberg & Primakoff, 1948) by AED — ve (5)
14+ e /mec?’
N c/OC /M n(e,0) (1 — Bcosh) o™ (e*)dQLd 1)
—_— = € — g (€ €
dt o Jo ’ ’ AE® = ym.c?
* 2
wheree denotes the energy of the infalling photofighe an- w1 2€" /mec 6
. : . . * 2 * 2 ( )
gle between the moving direction of the electron in the labo- (14 2e*/mec?) In(1 4 2e* /mec?)

ratory frame and the direction of the infalling photon stream,¢ approximately the average energy loss of the primary in a
n(e, 0) gives the number of infalling photons per unit volumgmg|e Compton collision foBe* < mec? and2e* > myc?
dV, energy rangéde, and solid angle elemedf?, and finallyo respectively.

represents the cross section. Stared letters denote quantities in

the electron rest frame, unstared letters in the laboratory frame. ) ]

Thereforee* = ~(1 — B cos 0)e. As we are not interested in the2-2- Résonant inverse Compton scattering

rate of scattered photons but in the amount of energy transfierthe presence of a (strong) magnetic field the cross sec-
froman electron to photons, we have to express™) explicitly  tion for inverse Compton scattering has a resonance when the

which results in Doppler shifted frequency of the infalling photon equals the
dE oo pdm gyro—resonance frequency of the electron in its rest frame. The
— = —/ / n(e, 0) (1 — Beos ) dQde later one can be written as
dr 0 0 ) . B*
47T w’I‘ES = ) (7)
[ o @ -9t @ mee
0

where B* represents the strength of the magnetic field at the
for the differential energy loss of the electron per moving urligcation of the electron in its rest frame. The Doppler shifted
dr = cdt. The relation between the photon energiende’  €nergy of the incoming photon is in resonance with the gyrating
before and after Thomson scattering can be found in text bog#gctron if

(e.g. Jacksomn, 1998, p. 696): . he B(r) -
(1— Beosh) e "5 v (1 — Beosf) mec
¢ = 1—fBeost + 5 (1 —cosx) () inthe laboratory frame (here we made use of the fact, that elec-

trons in pulsar magnetospheres travel along the magnetic field

with m, the rest mass of the electraff,the angle between thelines, which leads t&” = B(r)). -
direction of the scattered photon and the moving direction of the FOr @ description of the resonance we use the Breit-Wigner

electron, andy the scattering angle, both angles in Iaboratorf)Qrmma- In general, the maximum cross section within the res-
frame. onance can be expressed as

Taking a closer look at the cross section we have to dig— __or ©)
tinguish between Thomson case and Klein—-Nishina case i.€5°  p2w2,,
betweene* = (1 — Bcosf)e < m.c? ande* > m, 2 - o
. . ¢ N with the relaxation time
Following Feenberg and Primakoff (1948) we are now able to )
approximate the third integral in E(2). With this and a changp: 2 ~ € (10)

in the order of integration we come out with 3 mecd’
both formulated in the laboratory frari@he width of the Breit—

dEICS am €(0) . . -
. o~ _UT/ (1 — Bcosb) dQ/ n(e,0) AE®M g Wigner resonance is described by
y  pin ’ Aw=pw?, . (12)
_ZUT/O (1= Beost)dd We note, that the expression
o] 2 * o
X / n(e, 0) << 1n <1 42 2) AE? de. (4) OresAw=— (12)
c(0) 2e* mecC K

2 Again, we neglect effects due to polarization. Also the change of

1 In what follows we do not consider effects of polarization of théhe cross section due to the incident an@lis suppressed. This is
electromagnetic wave. A detailed discussion of polarization can justified by the results which are dominated by the photon flux with
found e.g. in Kardashev et. dl. (1984). The effect on intensities is abandund0°. For a description of the influence of the incident angle on
a factor of two. the cross section see Mitrofanov & Pavlov (1981).
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is independent on the magnetic field strength. whered A is a differential (ring—)surface element of the thermal
To find a similar expression to Effl (4) in the case of resoap and) denotes the opening angle of this ring—element seen

nant scattering we approximate the integration aledoy sub- from the center of the neutron star.

stituting it with a multiplication of the maximum resonant cross As we consider arotational symmetric situation we caniden-

sectiono s with the widthAw = Ae/h of the resonance. We tify the angled with the angle in Sect[2 and therefore can write

find using Eq.[(IR): for the angular photon density(e, 0)
dERICS or am 1 dFE(H) y
~ _po L _ = — = 17
=" v (1 — Bcosh) n(e, 6) x (13) n(e0) = —— = =W xg(d.0), 17)
with W/ following from Eq.
AE((FI) ) S D €res < €(0) ‘ g . (13)
‘res 2
5 . W = ° 18
1 (14 255 ) ABD 49 ¢ ey >e(0) T @nho) (T — 1) (18)
Here,c,. has to be taken from Eq](8),0) is mentioned below and the geometric term
(1/2) e «
Eq.@), andAE /") come out of Egsl{5) andl(6) witht = o(d,0) =27 sin 6 , (19)
v (1 — B cosh)epes. cos(f + 1)
with ¢ = arcsin(sin 6 s/a).
3. The thermal photon distribution The maximum value allowed fof is given either by the

) __border of the hot thermal cap or (for small valuesipfvhens
To compute Eq[{4) anf(13) we need an expression for the diffgfs, 5| the tangent line from the electron to the neutron star (i.e.

ential photon distributiom(¢, ) of the thermal radiation from when the border of the cap is behind the horizon). The first case
the hot polar cap of the neutron star. For the sake of Simplicig’expressed by

we regard the symmetrical case of an electron sitting centered

and above the polar cap at a heighFurther, let us assume &, = arctan (E) 7 (20)
homogeneous and isotropic emission from a hot thermal cap.
We consider two source geometries: with r;. the radius of the hot thermal cap (for case (a) equal to

e given by Eq. , for case (b) settg. = 10° cm) and the
(a) The thermal photons come from the polar cap bordered ?Z&cgnd ca;/e ig E;Lr)essed by (®) @ )

the openfield lines (see below). This corresponds to the case
where the surface is heated by the particle current. 07 — arcsin a 1)
(b) The photons originate from a larger area around the mag- d+a)

; = )
netic pole, e.gr;c = 10° cm. This corresponds to the Ca5%o compute expressiop ({17 has to be always smaller than

of internal heating. 20) andd, @0).
The polar cap radius (case (a) above) in the standard model of e note that EqL{17) for the differential photon distribution
an aligned rotator is given by: is physically equivalent to the one of Dermgr (1990).
E 1/2
- (Q a3) / (14) 4. The differential equation for acceleration
pe c ’ and damping of an electron

with a the neutron star radius aftl = 27/ P the angular ve- We are now able to give a closed expression in form of a dif-
locity of the pulsar. ferential equation of the acceleration and damping processes an
For the photon spectrum we use a black body model. Thegdectron undergoes within a neutron star magnetosphere. For
fore, the energy flux per energy elemefit and solid angle the acceleration we use the model of Goldreich & Julian (11969)
elementdQ) at any surface point within the thermal cap can bend the conditions of Miche] (19%4). In this model a linear ac-

written as celeration for the electrons is assumed within an acceleration
3 length equal to the polar cap radius and up to a maximum value
W, = c 15) of
© (2rh)3c? (e</FT —1)° (
deBad0? 1/2
If s = s(d,?) is the distance between the electron and thenaz = ( e > ~ (22)

considered emission point at the thermal cap-@rsithe angle ) )
betweens andd, we can write for the flux density at the positionVith this we obtain a natural scale length for an eQIectron to
of the electron and coming from the directién receive kinetic energy in the order of its rest enengy:

~ WedA sin Mec® )1/2

dF.(¥) =2 We———— dd

52 i “cos(9+) (16) A= (4eQ B (23)
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Therefore, the acceleration can be described by the differential
equation

Log(d [cm])
d,.yacc. _ T S Tpe (24)
dr 0 > Tpe,

>

with A andr,. given in Eq.[(28) and(14) respectively.
Additionally, we include energy loss by curvature radiation G 4
in our calculations which is given by (e.g. Jackson, 1998, p°9(Gamma)
667):
dECE 2% o,
—_— == . 25
o 3,025 o (25)
For our calculations we set the curvature radius: 107 cm,
typical for the magnetic field line curvature at the rim of the
thermal cap with,. = 10° cm (see also Sturner 1995). _ _ _
Finally, using the expressions we derived in 9dct. 2 for tiég. 1. Electron Lorentz factory(d, kT) as a function of heightl
damping processes by nonresonant and resonant inverse Cdgfj2ve the polar cap surface) and the thermal temperé(iticé the hot
ton scattering (ICS and RICS, respectively) we come out wibglar cap. Here, for a comparison we used the same pulsar parameter
the differential equation for the discussed model: settings like Sturner & Dermer (1995) = 0.150s, B = 3.5 x

10*2 Gauss, and:. = 10° cm for the thermal cap radius.
d d~ace: 1 dEICS dERICS dECR
20 ( + ) (26)

dr dr + dr

The here used quantities are given in Egs. (23), [4), (13), with Log(d [cm])
the use of[(1l7), and (25).

dr dr MeC2

5. Computation and results 6

Sy

To solve Eq[(26) we used various numerical methods. For the ,.:'{..iii:;.:..;;t:?.;
differential equation itself a Runge—Kutta algorithm fourth of-0g(Gamma) T
der was used. All calculations were repeated several times with
different step sizes to check for the stability of the solution. For
the integrations a recursive Simpson method was performed and
all results were proofed by substituting the Simpson method for
a Romberg algorithm with adaptive step size.

The two diagrams in FiflJ1 and Fig. 2 show our results for Log(kT [eV])
parameter settings used by Sturrier (1995) in his Monte Carlo 3
simulations, i.eP = 0.150s, B = 3.5 x 10" Gauss for FidL Fig. 2. The same like FigJ1 but foB = 1.58 x 10'® Gauss.
andB = 1.58x10'3 Gauss for Fid. R, respectively. In both cases
10° cm is used for the radius of the hot thermal cap, whereas ftg(Gamma
the height of the acceleration zong. is used as given in for-
mula [13). From relatior{{22) follow$,,., = 1.26 x 10° and
Ymaz = 2.7 x 10°, respectively, for the maximum Lorentz fac-
tor of an electron being fully accelerated without any damping. 4
From this and both figures it is obvious that damping caused by 3
inverse Compton scattering of thermal photons does not have ,
any significant effect for temperatures below 100 eV, in agree-
ment with the results from Sturner (1995). For temperatures
between 100eV and 200eV we find a stronger damping ef- © 125 13 135 14
fect during acceleration than Sturner did (for a discussion see _ ) o

3. Electron end energieg(B) as a function of magnetic field

Sect[6). Nevertheless, this is not relevant for most pulsar m%g%ngth for two different pulsar rotation periods. The dashed lines

netosphere models because they only make use of the maximym . i
. show the influence of resonant ICS whereas the solid lines are for the
Lorentz factor above the acceleration zone.

, : . ) total, resonantand non—-resonant ICS. In each case the upper line results
Fig[3 compares results of the calculations including (solighm calculations with? = 0.100's the lower fromP = 0.150's. The
lines) and excluding (dashed lines) the non—resonant part of §a¢er parameter settings akef’ = 300 eV andrs. = 10° cm.

ICS (@E'CS /dr in Eq. (28)). For each situation the upper line

Log(B [Gauss]
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012

Fig. 4. Electron Lorentz factoy(d, B) as a function of heighf above Fig. 5. The same like Fig.J4 but fokT = 300 eV.
the polar cap surface and magnetic field strergfior k7" = 100 eV.
The pulsar rotation period is set & = 0.150 s and the radius of the
hot thermal cap is set ta. = 10° cm.

shows the electron end energig&B) with a pulsar rotation
period P = 0.100s, the lower lines represents the results for
P = 0.150s. For all calculationgT = 300eV andr;,. =
10° cm. As can be seen just from this figure, neglecting the non—
resonant part of the ICS may change the results significantly.
For a complete overview we present in FIgs. £]to 6 the de-
velopement of the electron energyd, B) as a function of
heightd above the polar cap and magnetic field strengtfor
three thermal temperaturég” = 100 eV, 300 eV, and 1000 eV,
respectively. For all three cases, the pulsar rotation period is
set toP = 0.150s and the radius of the hot thermal cap to
ree = 10° cm. Fig. 6. The same like Figll4 but faeT = 1000 eV.
In the situation withcT = 100 eV (Fig[4) damping by ICS
has only a slight influence on the electron energy within a part
of the acceleration zone and for magnetic field strengths arouhwider range of magnetic field strengths. Nevertheless, as can
B = 103 Gauss. The end energy above the acceleration zéh@arly be seen, millisecond pulsars are not effected at all (even
remains nearly uneffected. for magnetic field strengths aroud®i= 108 Gauss, not shown
In the case okT = 300eV (Fig[B) and for a wide range in these figures).
of magnetic field strengths damping by ICS prevents the elec-
trons from being fully accelerated within the acceleration ZONg: hiccussion
Only below10'2® Gauss and abovi)'3-> Gauss the electrons
recover to end energies approximately half an order below tAt calculations base on Ed.(RP6), which neglects energy loss
undamped situation (compare to Hig. 4). Between these mage to triplet pair production. Sturnér (1995) showed that ICS
netic field strengths, the electrons completely lose their enerdgminates over all other energy loss effects wher: 106.
ForkT = 1000 eV (Fig[®8) the electrons are not only braked his is exactly the energy range we are interested in here. Elec-
within the acceleration zone but also above. As a result, orttpn bunching (to produce coherent radio emission by curvature
low energy electrons can be found within the magnetospheagliation) could decrease the range of validity of our calcula-
above the acceleration zone (for the considered magnetic fitiohs, because energy losses by curvature radiation could then
strengths). become much more important. On the other hand, the latter de-
Finally, Figs[T t¢ P show the end energies the electrons gaends strongly on the assumed curvature radius of the magnetic
reach above the acceleration zone as a function of pulsar field lines (see Eq(25)). The value pf= 107 cm for the cur-
tation periodP and magnetic field strengtB, again for the vature radius used in the calculations corresponds to a typical
three thermal temperaturég’ = 100 eV, 300 eV, and 1000 eV, curvature of the magnetic field lines at the rim of the thermal
respectively. For all three cases, the radius of the hot thernaap. Because this radius increases (and therefore energy loss
cap is set tal0® cm. With increasing temperature the plateably CR decreases) from the rim to the center of the polar cap,
of damped electrons enlarges to smaller rotation periods andite mean value of the CR power is less by at least one order

Log(d [cm])

\ 4
012
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, Log(PsD

3
Log(B [Gauss])
135

14

Fig. 7. End electron Lorentz factoy(P, B) as a function of pulsar Fig.9. The same like FidLl7 but fdtT" = 1000 eV.
rotation periodP and magnetic field strengtB for k7" = 100eV.
The radius of the hot thermal cap is settp = 10° cm.

we consider the magnetic field to be proportionattd and

therefore do not include its dependence on the azimute angle.

As a consequence, we regard the electrons as moving radially

outward. This is surely a good approximation, because the dom-

inant damping effect takes place up to a height@f? of the
neutron star radius, where the magnetic field lines have a negli-
gible curvature.

On the other hand, the radius of the hot thermal eap

has a large influence on the results. All calculations shown in

the figures of this paper refer to the case of a large hot thermal

cap (case (b) in Seél 3;. = 10° cm). If we use case (a) and
setry = rpe = 3.7 X 10* cm, at the top of the acceleration
zone the maximum angle for the infalling photons decreases
from 72° to 45°, which results in a weaker damping. Addition-
ally, the area of the polar cap is smaller by a factor=of7.

Fig. 8. The same like Fig]7 but fokT" = 300 V. Both effects together lead to higher values for the end energy
of the accelerated electrons. In the case of low magnetic field
strengths B = 10'2 Gauss) the electrons lose their energies

which turns out our calculations as being conservative. The af-lower heights, where a different size of the hot thermal cap

fect of the energy loss by CR can be seen in Eibs[T to 9, whéseof negligible influence. But in the situation of high mag-

it clearly restricts the maximum end energy of the electrons netic field strengths® = 102 Gauss) and high temperatures

afewx10° (in the edge of the diagrams with high values or (kT = 200 eV) this effect can change the end energy of the elec-

and low values foP). trons by three orders. On the other hand, increasingigher

In Sectl5 we mentioned a difference in Lorentz factotsan3 x 10° cm has no further influence, because the rim of the
within the acceleration zone for the situation with' between thermal cap is then beyond the horizon. Therefore, we chose
100eV and 200eV when compared to the values of Sturngr = 10° cm for our calculations as a reasonable value.

(1995), whereas the final Lorentz Factor above the accelerationIn Sectlb we already stressed the important effect of the

zone is comparable to their results. In SEct. 2 we mentioned thah—resonant part of the ICEK'“®/dr in Eq. (Z6)) on the

our computations do not include photon polarization effects aatictron end energies (see Fig. 3). The non—-resonant ICS is of-

also no changes of the resonant cross section due to diffetent characterized as being negligible in comparison with the

incident angles. Both neglects result in a small overestimatimesonant part (e.g. Sturner 1995, Zhang & Qiao 1996, and oth-
of the damping by inverse Compton scattering. Therefore,eits). This is fairly true for a wide range of parameters but it is
is understandable, that our results show a stronger dampingloviously wrong for parameter settings used in Eig. 3, where
the acceleration zone compared to the results of Sturner. Tioismagnetic field strengths arroud® = 5 x 10'2 Gauss and
difference vanishes when the electrons approach the top of thesar rotation periods aP = 0.150 s the electron end ener-
acceleration zone because RICS plays a minor rule there (@@es are clearly affected by non-resonant ICS. These parameter
the considered magnetic field strength). Another point is, thatlues are absolutely typical for neutron stars.
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Figs[T td® show the (expected) fact, that ICS has no infltemperatures arourkd” = 100 eV, and magnetic field strengths
ence on the end energies of electrons within the magnetosphesveenl 0'2-5 Gauss and 0'3® Gauss a substantial damping
of millisecond pulsars. For standard pulsafs & 0.1s) the occurs. This effect extends over a wider range of magnetic field
situation strongly depends on temperature and magnetic fistcengths in the case &fl" > 200eV.
strength. Here, for any model of pulsar magnetospheres ICS The situation within the acceleration zone is more compli-
has to be taken into account. cated. Here a large region exists, where electrons can not be ac-
Our results have been derived assuming Michel's accelecalerated above Lorentz factorsyof 10*...102, but recover to
tion model. In the following we want to discuss briefly to whahigh energies before they reach the end of the acceleration zone.
extent they are relevant for other polar cap acceleration mod€&terefore, high end energies of the electrons near the theoreti-
which use higher acceleration potentials resulting from eitheal maximum energy do not guarantee for a linear acceleration
stronger electric fields or larger acceleration heights, or bothithin the acceleration zone.
E.g. Arons & Scharlemann’s (19/79) acceleration scheme con- Although the cross section for non—resonant ICS is much
siders the effect of the divergence of the magnetic field linésver than for the resonant ICS, neglecting the contribution
which produces changes in the local Goldreich—Julian densitiynon-resonant ICS may lead to wrong results for parameter
and a consequent acceleration over a much larger length ofse#tings (e.gB = 5 x 10'? Gauss and® = 0.150 s) which are
open field lines. In addition to this effect is the general relativisbsolutely typical for standard neutron stars.
tic frame dragging effect of Muslimov & Tsygan (1992) which  For millisecond pulsars no braking due to inverse Compton
also produces an additional acceleration. scattering occurs, as expected, as long as magnetic dipole fields
In order to check on the effects of electron braking undare considered. The final maximum Lorentz factor as well as the
such conditions we (1) increased the acceleration field in stéprmediate Lorentz factors during acceleration are not affected
up to one hundred times over the value used within the modbgl any significant damping except for the first few centimeters
of Michel and we (2) increased the height of the acceleratioear the neutron star surface.
zone by factors up to ten. In the first case we found curvature The results reported here concerning the energy loss due to
radiation as becoming increasingly important. It limits the erl€S is found to remain valid up to a height of the inner magne-
energiesy of the electrons to a few timd®®. The energy loss tosphere of approximately one neutron star radius, independent
due to ICS did not increase. In the second case we found tiehe choosen acceleration model.
electrons being accelerated within the additional upper part of
the acceleration zone without any significant damping. ThisA§knowledgementsive would like to thank the anonymous referee
because at these heights the flux density of the thermal phot{tig!seful comments. RS is supported by the Deutsches Zentium f
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