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L aunching jetsfrom accretion belts

Ron Schreier and Noam Soker

ABSTRACT

We propose that sub-Keplerian accretion belts around stayist launch jets. The
sub-Keplerian inflow does not form a rotationally suppodedretion disk, but it rather
reaches the accreting object from a wide solid angle. Thie bagredients of the flow
are a turbulent region where the accretion belt interactis thie accreting object via
a shear layer, and two avoidance regions on the poles whegctretion rate is very
low. A dynamo that is developed in the shear layer amplifiegmatc fields to high
values. It is likely that the amplified magnetic fields formlgrooutflows from the
avoidance regions. Our speculative belt-launched jetsemioas implications to a
rich variety of astrophysical objects, from the removal ofrtnon envelopes to the
explosion of core collapse supernovae by jittering jets.

1. INTRODUCTION

Jets are known to be launched by accretion disks around cropgcts, such as super-
massive black holes in active alactic nuclei, X-ray biearyoung stellar objects (YSOs), and in
planetary nebulae (PNe; elg 11) Many jet launghmodels are based on the operation of
large scale magnetic flelds, ie., those with coherence $aaer than the radius of the disk at the
considered location (e. é_,LaMsEﬂHi_rajOB bﬂd_NaLalaJQOildf and references therein).
Some models do not rely on the magnetic fields of the accretngpact object, but rather assume
an outflow from an extended disk region with large-scale metigrields (e.g. LKQnigJ_&_EudLﬁz
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However, there are several arguments hinting that jets edaunched without the presence

of Iarge scale disk magnetic fields. (1) There are well catied jets in PNe, such as in Hen 2-90
0). No large scale magnetic fields are egdesround the companion to the

AGB star that is though to launch the jets in PNe. (2) DQ Hete(mediate polars) systems are
cataclysmic variables where the accreting white dwarf (WB$ a sufficiently strong magnetic
field to truncate the accretion disk close to the WD. Such kkastgisk magnetic field geometry
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is assumed in some jet-launching models in YSOs (Mﬂl[@ﬂi). Despite that, no jets
are observed in DQ Her systems. (3) The strong dynamo thaai@sen accretion disks is likely
to modify the structure of the large scale magnetic fieldg.t_bl_uj_ei_ral_el_dll_20_63). (4) Ferreira
) concluded that steady state jets’ launching modeiaat spin down a protostar. The bal-
ance between the spinning-up accretion torque and theisghilown magnetic torque in such
models is expected to spin up the star on a time scale smh#earthe disk lifetime. Observa-
tions, on the other hand, show that the rotation period ofesg®0s is almost constant, at roughly
10% of their break-up speed. In contrast, unsteady models dterlmandidates for the removal
of energy and angular momentum from the disk. The model stLiti the present paper is a type
of unsteady model. (5) In several YSOs the jets precess aneadcale of about 100 years (e.g.
6), much too rapid for a large scale magfietetto change its geometry. Models
that lunch jets from close to the accreting compact objeghirallow for such a rapid precession.

In the present study we examine cases where the accretechgasdub-Keplerian angular
momentum, and hence cannot form a fully developed Kepleanetion disk around the compact
object. Instead, the gas that does posses a non-negligibtefis angular momentum forms an
accretion belt on the surface of the accreting body. We aitwatcases in particular: (1) The
case where a main sequence (MS) star is spiraling-in ineelenvelope of a giant star. The MS
star can accrete mass from the envelope at a rate of the drthex Bddington limit. The specific
angular momentum of the accreted gas,, might be in many cases below that required to form
a Keplerian accretion disk around the MS sjat,,, but still be non-negligiblg,.. ~ 0.1 — 1jkep
(1@% ). (2) An accretion by the newly born NS in cordapsle supernovae (CCSNe). In
some CCSNe the accreted gas might possess a rapidly vaymgegligible value of the specific
angular momentum, but not sufficient to form a Keplerian eiton disk (Gilki LZQ:I[S,

|2Q1¢;|_Eapi§h_el_gl_2d16). Both scenarios are most diffioulblbservational validation.

Incorporating ingredients from accretion disks formed ighhaccretion rates we build the
belt-launched jets model. The basic ingredients of the inadedescribed in sectidd 2, and the
dynamo is discussed in sectibh 3. The implications for sopgeific astrophysical objects are
discussed in sectidd 4 that also contains our summery.

2. BASIC INGREDIENTS

A geometrically-thin Keplerian accretion disk is connelte the accreting body, if it is not
a black hole and if the accreting body magnetic field is notsivong, via a thin high-shear layer
termed the boundary layer (e.lgﬂbﬂi%ﬁ;ﬂﬁgﬂ&&&ﬂl%). The matter in the boundary
layer expands to higher latitudes along the surface of tbeeting body.LLanammL&_Sun;Ldev
@) built a model for cases of high accretion rates ontdroa stars (NS), and proposed that
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the meridional spreading brings the accreted mass clo$e odies. In that model the luminosity
from the spreading-layer, or belt, reaches a maximum aveay the equatorial plane. The accreted
gas spins-down to the rotation velocity of the accretingyibdough a turbulent friction that exists
inthe spreading-laye|r (Inogamov & Sunyléev ﬂi9_9_,_12010)s Tipe of flow is depicted in the right
side of Fig[1. The left half-side of Fig] 1 schematicallys@sts the flow structure proposed in the
present study.

It is not possible to directly apply the resultsLoManmoﬁ&mLae}vL(MQ) to the cases

we study here (listed in sectigd 1). We study MS stars acgedi very high rates, a process
that is different than accretion onto a NS. For example,ataah pressure might not be as im-
portant as in accretion onto a NS. In the flow structure ontevelynborn NS in CCSNe, cooling

is mainly via neutrinos, and not by photon emission. The fltnucsures we discuss here are
more complicated, and 3D numerical studies will be requicesimulate such flows. The study

ofhnpgamQL&_SumLa.é\}_(@Q) non the less suggests that agetiewide accretion belt can be

formed on the surface of the accreting body, and that tunoelés expected in such a belt.

Neglecting magnetic fieldls, Inogamov & Sunjabv (i999) firat the meridional extent of

the hot part of the spreading layer (the bélt)is approximately given by

) 2
Moccvi
b
2Lcaq

sinf, ~ Q)
where L.qq IS the Eddington luminosity limit)Z,.. is the accretion rate, and; is the Keplerian
velocity on the surface of the accreting body. One can fintftwaccreting rates larger than about
10¥ gs7t ~ 1078M,, yr~! onto a NS with a mass df/ys ~ 1.4M,, and a radius of? = 12 km,
the spreading layer extends to the polar regions. We heveaglsly equatiori (1) to accretion onto
a MS star. We find that for the spreading layer to reach therpetaon of an accreting solar-like
star, the accretion rate should be larger than approxisnabeP M/, yr—!. Such accretion rates can
be achieved during the common envelope evolution.

We note that equatio](1) was developed for a belt formed bgcanetion disk. We here
investigate cases where no geometrically-thin accretiskiid formed, but rather the accreted gas
streams from a wide angle, with an avoidance region neardlesp

In the sub-Keplerian inflow scenario the accreted gas hasexage specific angular momen-
tum of j.ee < jkep, Wherejxe, = (GM R)Y/? is the Keplerian specific angular momentum on the
surface of the accreting object of mask and radiusRk. A parcel of gas with such an angular
momentum cannot be accreted to the surface of the star vaithamgle of), from the poles, given

by
0, = sin~! |22 )
JKep




This is termed the avoidance angle.

In sectiorB we speculate that the extended belt formed isutheKeplerian accretion flow can
launch jets. We suggest there that the strong radial sheatodine powerful differential rotation
together with the turbulence, amplify magnetic fields tlglosthe dynamo action. MHD effects
then launch a polar-collimated outflow. The point to makeshgithat in the case of a belt formed
by an accretion disk it is expected that more mass will bedhad by the accretion disk than by
the belt. In the sub-Keplerian wide inflow case, most, or alEmf the outflowing gas is launched
by the belt.

The basic ingredients of the belt-launched jets scenaagegsented in Table 1 alongside
with those of jets launched by accretion disks. Our propdaedching mechanism does not re-
quire large scale magnetic fields and does not require a tepiefan disk. The most important
ingredient is the operation of a dynamo, the belt dynamo.

Table 1: Jet launching cases

Physical parameter Accretion disk Belt
Accretion rate {/,..) up to~ Mpaq > Mpad
Accreted specific angular > jkep < JKep
momentum f...)
Angular velocity ~ Qkep < Qkep
at launching QL)
Launching areal(;) > R ~ R
Magnetic fields weak to strong Bis amplified
locally via dynamo
Jet’s energy Gravitational of  Gravitational of
source accreted gas accreted gas

The different symbols have the following meanimgis the radius of the accreting body/jqq is
the Eddington accretion limiik., and{., are the Keplerian specific angular momentum and
angular velocity very close to the accreting body surfaegpectively.

3. THE BELT DYNAMO

There are several approaches to estimate the amplifictroagnetic fields in sheared layers
in stellar interiors, both in convective and non-conveetiegions. In the present preliminary study
we take one calculation referring a non-convective regitve then argue that in a convective
regions of the accretion belt the amplification will be moffecent even.
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m @) gave the analytic ground for quantifying thagmetic fields created in non-
convective layers in a differentially rotating star. Théefiential rotation stretches poloidal field
lines into toroidal fields. Magnetic instabilities in the plified toroidal magnetic fields replace the
role of convection in creating more poloidal magnetic fietoh the toroidal field. This process,
that is relatively slow in stellar interior, is expected ®rore efficient in the more rapidly spinning
belt. The turbulent regions of the belt are even more effieGreamplifying the magnetic field. We
turn to show that even in the non-turbulent regions of thetheldynamo can be effective.

Due to the strong differential rotation (shear) occurringhe belt the radial component of
the field, B,, is twisted into the azimuthal directiod;,, so that after few rotations it becomes
the dominant component. Its strength increases lineatly tvhe, until it becomes unstable. The
amplitude of the dynamo-generated field in the non-turliutegions is given b2)

Q V8 e 18
B, — 4 1/QQ 1/2 belt < )
s =1 (4mp) belt 4 N 2N 3)
Qe \ 1/ K\ 14
s (%) ()" @

where the density in the belt is estimated from mass conservaf the inflowing gas
p=DM (47r? vin)fl : (5)

anduvy, is the radial inflow speed into the belt, which we take as tee-fall velocity. The tem-
perature of the accreted plasma when it is stopped on thetaggrobject is calculated from
3/2kT = 1/2m,v. HereQy.y is the belt angular velocity, an¥l is the buoyancy (Brunt-Vaisala)
frequency that is slightly less than the Keplerian freqyefte can crudely také&V ~ Q,.;. The
thermal diffusivity isx = 1607°/(3krp?c,), Wherec, is the heat capacity per unit mass; is the
opacity, and; = (r0,Qpat) /pay =~ 1 — 3 is the dimensionless differential rotation rate.

As the cooling in accreting NS in CCSNe is due to neutrinosapmy (3) and[(#) to accreting
MS stars. We take an accretion rateldf.. = 103M,, yr~! onto a solar like star, from which we
find the density of the accretion inflow near the surface, aedeémperature of the gas in the belt
to beT = 10% K. We find thats ~ 102 cm? s~!, and so[x/(r?N)]'/® ~ 1. We can derive from
@) the ratio of the magnetic field energy density to that efkinetic and thermal gas density, for
an accreting MS star at a rate f,.. ~ 102 — 10*M, yr—'. For the gas energy density we take
pvZ /2, whereuv,. is the escape velocity from the star

St g (i) ) o
€gas = 0.3 N r2 N :

As stated, this is for the non-turbulence part of the acendbelt. As turbulence is expected in the
strongly sheared belt, the amplification can be more effi@deant. We conclude that a fraction of



—6—

~ few x 0.1 of the accreted energy is channelled to magnetic energywrlproposed scenario the
magnetic field lines are further winded and stretched bydteding belt as they are dragged by the
outflowing gas. The magnetic field reconnect and launch jets.

In claiming that an efficient dynamo can be operate in theedicer belt we are encouraged
by the recent results of Mosta et A_L_(Zb15) who conductesg lagh resolution simulations of
CCSNe with pre-collpase rapidly rotating cores. They shioa tapidly rotating material around
the newly born NS can amplify tremendously an initial magrfetld, and leads to jets lunching. In
their simulations the turbulent kinetic energy in the atanleyas is converted into electromagnetic
energy. The timescale for an e-fold increase in the magffield in the accretion diskr, ~
0.5 ms, is about half an orbital period in the relevant part of thekdilnterestingly, only very-
high resolution simulations were able to demonstrate #maéndous magnetic field amplification.
These results are very supportive for the jittering-jetsleidor the explosion of all CCSNe with
explosion energies of 2 x 10% erg.

Intermittent accretion belts in CCSNe are expected to @asaftime ofr, ~ 0.03 — 0.1,
equals to tens of Keplerian orbits at 25 km from the NS. A belt with a specific angular mo-
mentum ofn = ja.../Jkep N@s an orbital period on the equator of the newly born NSvof
30(n/0.05)~! ms. Closer to the poles the period will be shorter. This showstie sub-Keplerian
disk has sufficient time to substantially amplify the magngelds. We conjecture that the strong
magnetic fields with the preferred axis of rotation and theidgance angle (eq.] 2), lead to the
launching of two opposite jets in the polar directions, vehitre ram pressure of the accreted gas
is very low.

4. DISCUSSION AND SUMMARY

We conducted a preliminary study that led us to argue thak&gderian accretion flows onto
compact objects can launch jets. The sub-Keplerian actigds forms an accretion belt rather
than an accretion disk (left half side of Fig] 1). Within theo@lance anglé, from the polar
directions (eq[12) the accretion rate is very low. The dynamglification of the magnetic field
within the belt (sectiof]3) can lead to very strong magnetid§, as can be seen from equatidn (6)
that gives the ratio of the amplified magnetic field energysttgro that in the accreted gas.

We speculate that reconnection of the magnetic field lineslead to an outflow through
the two opposite polar avoidance regions. Winding of themeéig field lines frozen to the polar
outflow can further channel rotation energy to outflow kioethergy. The main differences and
common properties of the proposed belt-launched jets scefiam those of the common disk-
launched jets are presented in Table 1.
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Our conclusion is that accretion belts that are formed bykseflerian accretion flows might
lunch jets. If true, these results might have far reachinglications for the removal of common
envelopes by jets. Numerical studies point at a limited iefficy of the common envelope re-
moval by the gravitational energy released during the Bpgan process (e.gLLeMaLc_o_eﬂ al.

;LBass;LeLH.L_Zdlb;_Rjgker_&ldém_ﬂO ; &)20& has been suggested that
jets can assist it removing the common envelope mﬁ However, the specific angular
momentum of the gas accreted by a MS star spiraling-in irsigeint envelope is sub-Keplerian
Jace = 0.1 — 1jKep (@ ). A belt is expected to be formed around the MiSdstang the
common envelope phase. Jets that might be launched by thabeargued in the present study,
can assist in removing the common envelope.

As well, our results might have implication to CCSNe expdosscenarios. The neutrino-
delayed mechanism has severe problems in accounting feyséaps with kinetic energy of more
than abou® — 5 x 10° erg ({Eapish_el_dLZQiS). An intermittent accretion belt is &tpeé to be
formed around the newly born NS during the first several sésofithe explosior{_(Q_lLIsLs_&_S_Qlder
|2Q1$,|_2Qlk3LEapi5h_eﬂiL_2£b15). If the present results tolthdt flow structure, then the jets
can explode the star, up to explosion energies of alio¥eerg (Gilkis et al.QO;b). We note that
because of the stochastic nature of the angular momentume attreted mass in many CCSNe, in
the jittering jets model the spin of the NS might be inclinedtte momentarily angular momentum
of the belt. The effect of this will have to be studied in fuigumumerical simulations.

In both cases, of common envelope removal and CCSNe, theanaggion of the jets is
completely obscured. In cases where the origin of jets is,s&#&ch as in young stellar objects,
active galactic nuclei, and some binary systems, the acorsdte is low and an accretion disk is
required to be formed. We here argued that in cases wheret@ccrate is very high, hence the
entire region is heavily obscured, even accretion belt &tiny sub-Keplerian inflow can launch

jets (see also Shiber et/al. 2d)15).

We can summarize our study by stating that the possibilityatretion belts to launch col-
limated outflows, or jets, opens a rich variety of proceshas ¢an account for some puzzles in
astrophysics, such as the explosion of massive stars amuaiia sases in the removal of the com-
mon envelope.

This research was supported by the Asher Fund for Space iResgahe Technion, and the
E. and J. Bishop Research Fund at the Technion.
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Fig. 1.— The flow structure studied here is presented scheafigtin the left half of the figure. It

has some similarities with the spreading-layer that wapgsed byL(angammL&_Sun;LdM%)

that is presented on the right half. The meridional extemhefot part of the spreading layeris
given by equatiori{1). The angle of avoidance redlpis given by equatiori{2).
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