arXiv:astro-ph/0512528v1 21 Dec 2005

Astronomy & Astrophysicsnanuscript no. 03997 August 7, 201§
(DOI: will be inserted by hand later)

The effect of heat conduction on the interaction of disk and
corona around black holes

E. Meyer-Hofmeister and F. Meyer

Max-Planck-Institut fur Astrophysik, Karl- Schwarzsldstr. 1, D-85740 Garching, Germany
Received; Accepted:

Abstract. Heat conduction plays an important role in the balance betveating and cooling in many astrophysical objects,
e.g. cooling flows in clusters of galaxies. Here we investigiae €fect of heat conduction on the interaction between a cool disk
and a hot corona around black holes. Using the one-radi@-approximation, we study the vertical structure of thi dmona

and derive evaporation and coronal mass flow rates for varieduced thermal conductivities. We find lower evaporataies
and a shift in the evaporation maxima to smaller radii. Thiplies that the spectral state transition occurs at a lovessrfiow
rate and a disk truncation closer to the black hole. Redustaf thermal conductivity are thought to be magneticallyseal
and might vary from object to object by afdirent configuration of the magnetic fields.
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1. Introduction their analysis of 16 galaxy clusters using Chandra data. One

third of the Spitzer value was used in hydrodynamic cosmo-

Heating by thermal conduction is an important process immafyica| simulations of galaxy clusters by Dolag et al. (2D0d
astrophysical objects. The balance between cooling artthgeayy s context Soker et al. 2004 suggest a heat conductiogalon

processes determines the structure of hot matter in comitict magnetic field lines. Okabe & Hattori (2004) suggest a sup-

cooler regions. For the case of a dwarf nova accretion digfession of heat conduction by magnetic fields generatet mos
we investigated this interaction (Meyer & Meyer-Hofmerst(-:-strong'y in the direction perpendicular to the temperagree

1994) and found that a “siphon flow” leads to evaporation @fient Al these results point to a reduced heat conduction i
the disk. The same happens in disks around neutron stara aqﬂény SOUrCes.

both galactic and supermassive black holes (Meyer-Hotereis

& Meyer 1999, Meyer et al. 2000). The heat conduction is an o ) ) )

essential element; otherwise the coronal gas would noginse I the original context of digkcorona interaction, theffect
ergy, but would instead become hotter and reach virial temp@f reduced thermal conduction has already been considgred b

atures as it is present in advection-dominated flows. a scaling procedure (Meyer et al.2000). In the present work

. . we evaluate theftect of heat conduction on the evaporation of
Recently the same physical process was discussed by sev-"" . . : . . )
. . : . gccretion disks in detail. Connected with the evaporatitin e
eral authors in connection with the cooling flow problem for.

the hot intra-cluster medium (ICM). The work of Medvedeﬁ;%r.lcg’ :\tllg'mai%rasa?s%osc?:gfsi?:nqgtﬁ(Ianf;]:f tLe;urI]t(lang(;[gmcata
& Narayan (2001) focuses on the question as to what c{ dlus. vatl W eompu

: o : . ions including the irradiation of the coronal gas from thieer

gree chaotic magnetic fields suppress conducyon _relamk&at fegion (Meye?—Hofmeister et al. 2005 (herea?fter MLMOS5) Li
Sple_er level. They ﬂ.nd that thermal con_duc_tlon n a weaké/t al. 2005) have led to radii that seem larger than indicated
collisional plasma with turbulent magnetic fields appr(mz:hb b " Vi &N 2004). In th ks th
the Spitzer limit. Zakamska & Narayan (2003) find from the i )y observa |ons.( uan arayan = ). In these works the

e . . . r}hermal conduction was taken according to the standardatvalu
vestigation of five galaxy clusters that the Spitzer formahw erived by Spitzer (1962). The question then arises whether
a conduction coficient reduced to about 30% gives a goog '

description of the observed radial profiles of electron dgznsreduced heat conduction could be present in the d|s_ks around

and temperature. Ghizzardi et al. (2004) discuss which fralloc!aCk ho!es. Here we StUdy thefect of heat_ con_ductlon on

tion of the Spitzer value would be appropriate xplaining theévaporatlon and the truncation of the accretion disk.

Virgo/M87 observations. Voigt & Fabian (2004), on the other

hand, found support for an unhindered heat conduction from In Sect. 2 we give a short description of the accretion ge-
ometry and the interaction of corona and disk. In Sect. 3 we

Send offprint requests to: Emmi Meyer-Hofmeister; emm@mpa-present the results for reduced heat conduction, and asdiscu

garching.mpg.de sion of the consequences and conclusions follow in Sect. 4.
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2. The physics of a hot corona above a cool disk tainties of the computational results. Two free paramdfers

_ . . aeiven mass of the central object and chemical abundance) en-
In the work by Meyer et al. (2000), the interaction of disk anf, jq the evaluation of the evaporation rate: For theosity

corona was approximated by a one-zone model that allowsy:}é?ameten, we use the value 0.3 suggested by observations
to evaluate the evaporation of mass from the cool disk into(ﬁ)r a discussion see MLMOS). Note that in our one-zone cal-
coronal flow above the disk. The basic process is the folloyations,y parameterizes frictional heat release and also radial
ing. The coronal temperature is kept up by friction thatde#s 1, of mass and angular momentum. Its value is not directly
gravitational energy from accretion. The temperature i@réd ., mnaraple to the value of the standard Shakura and Sunyaev
between the corona and cool disk causes a heat flow. The dgz e (shakura & Sunyaev 1973). For a comparison with the
sity in the corona adjusts itself by evaporation of gas froen t .oy o stress to pressure in magneto-hydrodynamic calcul
disk so that this heat flow is balanced by evaporation, raiat yjons see a discussion by Hawley & Krolik (2001). The second
and advection. This equilibrium density in the corona il 1,y meter in the evaluation of the evaporation rate is tae th
coronal mass accretion rate that is fed by gas from the didk aRal conduction.
determmgs the d|§k evapora.tpn rate. From our recent work on hysteresis in the spectral state
~ The five equations describing the process are: (1) the edy@nsitions, it became obvious that the irradiation of theooa
tion of continuity, (2) the-component of momentum equationpas an importantféect on evaporation rates and truncation of
(3) and (4) the two energy equations for ions and electrars, ne cool accretion disk. We denote Rymaxthe shortest dis-
(5) the equation for the thermal conduction for a fully i@z t5nce at which truncation still can occur. Earlier compotat
plasma (see Liu et al. 2002). Théext of Compton cooling yjithout including the irradiation (Meyer et al. 2000) had te
and heating of coronal electrons by photons from the centggljistance of a few hundred Schwarzschild radii. Includieg t
area was recently worked out in more detail and found to Reagiation of the corona, we now obtain values about 2.8¢m
important for the evaporation process (MLMOS). The five dgyrger. This is the innermost disk truncation:; for lowerration
pendent variables are pressure, ion and electron temperatihies the truncation lies farther outward, while for higretes
vertical mass flow, and heat flux. The boundary conditions g§& gisk is not truncated anymore. How do these radii compare
taken () at the bottom of the corona, temperatures given, ifh radii found from observations? The observed radii $tiou
h_e_at inflow, and (b) at some height (free boundary), soumd trge equal or larger thalRevmax depending on the mass flow rate
sition, no influx of heat. in the disk. Despite the fact that one should be careful with
The general picture is as follows. Controlled by the intesuch a comparison and not take signatures of a reflecting com-
action of the disk and corona, gas evaporates from the disk iponent as the disk truncation, the observations point t@tow
the corona and flows inward in the form of a hot advectioRalues. A compilation of radii in the paper of Yuan & Narayan
dominated flow. The mass flow rate in the thin disk is therelgg004, Fig.3) suggests values around 100 Schwarzschiid rad
diminished. The evaporation rate increases with decrga$$a  Esin et al. (2001) use the multiwavelength observationbef t
tance from the compact object, but reaches a maximum at a ¢efray nova XTE J1118480 to constrain the accretion geome-
tain distanceReymax from the black hole. The balance betweefty and find a disk truncation in outbursta65 Schwarzschild
this maximum rate and the mass flow rate in the disk detegdii. The question arises whether a reduced thermal cenduc
mines the mode of accretion in the inner region. Only if thgon could be present in the accretion disks around blackshol
mass flow rate in the outer disk is higher than this maximughd how this would change the evaporation process. In thie nex

value of the evaporation rate, the disk “survives” this i&thn  section we show our results for reduced heat conduction.
in mass flow and continues inward. Otherwise, for lower mass

flow rates in the disk, the disk becomes truncated at a certain _
distance (where all mass is evaporated). From then on a mds Computational results

flows inward via the coronAA\DAF flow. This is the same pic- We take a black hole mass bf = 6M,. Results can be scaled

ture as the configuration of accretion flow irffdrent spectral for other masses. We, therefore, show the evaporation rates
states derived by Esin et al (1997) in connection with thetiappmeasured in Eddingtoril accretion’ra'n@dd ~ Leqq/0.1¢2 with
cation of the scheme of advection-dominated accretion tzaNq_Edd = 47GMC/kes ke electron scattering opacity. The dis

- es Res . -

Muscae 1991. tances are measured in Schwarzschild rBgi= 2GM/c2. We

~ The agreement between the results of the one-zone appigXs the computer code as described in recent work (LMMOS).
imation and observed features seems to confirm that our mOﬁ;Iﬁje heat conduction céiicientq

describes the qualitative picture of the change from accre-

tion via a disk to the advection-dominated flow (ADAF). Sucp0 _10-6.9¢m @
agreement was found for X-ray transient sources in conmecti $K/2

with the spectral transitions (Meyer et al. 2000), espicthk
hysteresis in the transition luminosity (MLMO05), as wellaas
cretion disk evolution (Meyer-Hofmeister & Meyer 1999)dan g = —4,T%2dT/dz )
also in connection with the truncated disks in low-lumimpsi

AGN (Liu & Meyer-Hofmeister 2001). But if we want to ex-with T temperature, andheight above midplane. For our cal-
tract detailed qualitative results, we have to keep in miad & culations we take a fractiom of the standard value for a fully
number of simplifications used in the description lead toannc ionized plasma (Spitzer 1962)

enters the equation for the heat flux
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The heat conduction also enters in our lower boundary con- 15k 100 % heat conduction _|
dition at the bottom of the corona, and, without going inte de ———=
tail, this results in a change of the relation between piressu
and heat flux (Meyer et al. 2000, Eq.54)Ro= A - F.A17Y2
(compare also F.K. Liu et al. 1995). . 50%

For taking into account Compton cooling and heating by§§ —2.01-
radiation from the innermost region we use= yMc?, n = 0.1
for the luminosity of the central source for various heights
the corona along witly = 0.1 with M central mass accretion
rate. We calculate the irradiation flux from the central oegas 5
in recent work (MLMO5, Liu et al. 2005).

20 %

log (Mevap /

3.1. The evaluation of evaporation rates consistent

with irradiation from the central region -3.0f .
| |

|
We calculate the evaporation rates for a series of distdnmes 20 25 3.0 3.5 log (R/R)

the bla.ck hole. We consider both cases of irradiation of thq 1 Efect of reduced heat conduction: Evaporation rate as
corona: (1) hard radiation from an inner region filled witha h 5 fnction of distance from the black hole (hard spectragta
coronal gas (advection-dominated accretion flow, ADAFr (g)iq lines: Thermal conduction according to standardz8pit

soft raqiiation from an accretion disk in the inner regiom.&@ o6 and reduced to 50% and 20%. Dashed line: 100% heat con-
analysis of the hard state we take a mean photon energy of 10Qion put without irradiation. Reduced heat condudtals

keV for the radiation from the central source. We are mainly qisk truncation farther inward. The maxima give locasiof
interested in case (1) since this describes the situati@me ,nermost disk truncation at spectral transition

disk is truncated. The truncation radius depends on the mass
flow rate in the cool disk. This is the situation as long as the
system is in the hard state. Case (2) is relevant here oriheat t
moment when the mass flow rate decreases from a rate abitnehard state the electron energy decreases with incgadisin
the maximal evaporation rate (the disk then extends inwardtance, the Compton cooling from the central source turrgs int
the last stable orbit) to a rate below the maximal evapanatibeating, and the irradiation yields higher evaporatioeg#an
rate, and the disk breaks up at the distaRggax without irradiation.

The evaporation rate is a function of the distance and of the
radiation from the central region, if theéfect of irradiation is 3
included. In the one-zone approximation, the mass flow enter
ing and leaving is modeled appropriately for a corona atrthe iAs shown in Fig.1, reduced heat conduction strondfges
ner disk edge, i.e. the mass flow rate in the disk equals th® evBoth the evaporation and the location of the maxima. For exam
oration rate. As this mass flow continues into the centrabreg ple if one assumed a mass flow of 0.00544 from the outer
it causes the radiation which then irradiates the coronbeat Hisk with 100% of the Spitzer value of heat conduction, the
truncation radius. In other words, the adequate irradidtde  disk would be truncated at about 3850 Schwarzschild radii. B
included corresponds to the evaporation rate itself. Theze with a heat conduction reduced to 50 and 20%, respectively, t
an iterative procedure is necessary to determine the exap@funcation moves in to 1860 and 5Rg, a factor of almost 7
tion rate consistent with the irradiation; evaporatioresaére closer to the center in the latter case. For low mass acaretio
evaluated for dferent values of radiation from the inner regiomates when the disk truncation is at large distances, tadiar
until we find the evaporation rate consistent with the iraéidn  tion effect becomes small. In Fig.1 we show for comparison re-
produced by exactly a mass flow rate equal to the evaporatifits for 100% heat conduction without irradiation (MLMO05)
rate. It can be seen that the curves for 100% heat conduction with

In recent work we included the irradiatioffect (MLMO5, and without irradiation begin to converge at large distance
Liu et al. 2005) only for the maximal evaporation rates at |nteresting is the shift of the evaporation maxima in dis-
Revmax Which is important for the spectral transition. For theance, from about 110Bs to 700 and 40@Rs for reduced heat
present investigation we now have determined the rated| all@nduction. Also the amplitude of the maxima is lowered. For
distances consistent with the irradiatiofieet. Figure 1 thus a heat conduction reduced to 20% of the standard Spitzez valu
displays a sequence of disk truncation radii. These reéts we find an innermost disk truncation @ corresponding to a
also allow us to discuss the slope of the evaporation rate - dass flow rate of 0.008gqq. This rate can be compared with
tance relation. the results of Maccarone (2003), who critically analyzesswb

In Fig. 1 we also show our new results for the reducedtions to deduce the luminosity of neutron star and blad& ho
heat conduction. We evaluated evaporation rates for the staansient binaries at the sgifard spectral transition. Our value
dard Spitzer value heat conduction and a reduction to 50% atetived for reduced heat conduction is relatively low, les |
20% of this value. As already pointed out in the earlier wark, in the range found from the observations.

2. The evaporation rates for hard irradiation
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06 - ' ' ] transients. For reduced heat conduction tledénce becomes
- . _ . small, less than a factor of 2, and much less than what was
04 L 1009 heat conduction ] found for unreduced heat conduction. This might point to a
T . problem understanding the hysteresis seen in X-ray nova out
oL ] burst light curves for the case of strongly reduced heatigond
02 |- — tion; if not other défects enlarge this fference. Such further
i ] effects might be due to time delays in the transition and recon-
. . N densation of hot coronal gas into the disk. We are presently
or ' ' ] investigating this situation (Liu & Meyer).
041 7] 4. Discussion
T, T . . . . .
b . 4.1. Disk truncation radius as a function of the mass
0.2~ ] accretion rate
i i The curves in Fig.1 show both the dependence of evaporation

rates on the distance and the disk truncation for a given mass
z/R flow rate in the disk. It might be interesting to analyze olsaer

Fig.2. Coronal temperatures: Electron and ion temperatur.t('e%nS of X-ray transients to see how the inner disk edge moves

L . . inward or outward as a result of increasing or decreasingmas
(measured in virial temperature) at heig/R, R distance from 9 ¢

: . flow.
black holezheight above midplane. Our theoretical analysis only allows us to make rough pre-

dictions due to the uncertainties in the approximationse Th
3.3. The coronal structure for hard irradiation curves in Fig.1 are not straight lines. For standard heat con

duction and for a range of distances Rf/Rs from 10°2 to
Reduced heat conduction changes the vertical structutgeof 103%cm we find a slope of

corona. We compare the structure at peak evaporation rate
for the two cases: heat conduction either equal to the statlegR;/AlogM ~ —0.5. (3)
dard Spitzer value or reduced to 20 % (compare Fig.1). In
Fig.2 we show the electron and ion temperature as a fuwe find a slightly steeper slope of about -0.8 for a reduction t
tion of z/R. Temperatures are measured in virial temperatu28% (for distance®;/Rs from 10> to 10°3cm).
Tvir = GMR- u/R. There is a clear change with heat conduc- If we compare our results with changes of the inner disk
tion. For the reduced value, the electron temperature iedoviocation of the X-ray transient source XTE J1118, in partic-
and the ion temperature is higher than for the moffece ular we find for truncation radii and luminosities the follow
tive heat conduction. Note that the virial temperatureseddp ing values in the literature: in outburst Idg/logRs=1.74
on the distance from the black hole, which isfeiient in the for log L/Lgq=-1.7, (Esin et al.2001) and in quiescence log
two cases. The corresponding values of pressure at the loRgflogRs ~ 4 for log L/Lgg¢=-8.5 (McClintock at al. 2003).
boundary of the corona are log=7.04 gcn*sec? (100% heat Note that the source is also in the hard spectral state in out-
conduction) and 7.53 gcnhsec? (20%), which is a factor of 3 burst. This gives the value 0.33 fatogR;/AlogL. If we want
higher in the latter case. to translate this into a radius-mass accretion rate relatie@
need to keep in mind that for low mass accretion rates, radia-
tion processes scale with particle density squared, ttaakrig
roughly to a scaling of the luminosity witM2. This would
The dfect of soft irradiation is only of interest here at thgield an approximate agreement between the theoreticatmod
moment the disk becomes truncated by evaporation, i.e. @&l observations.
softhard transition. Compton cooling leads to lower evapo- A relation between truncation radius and luminosity for
ration rates (MLMO5). Including reduced heat conduction dgarious sources from bright AGN and X-ray binaries to dim
creases the evaporation rates even more. In our compugatiobjects as Sgr A* is shown in the investigation of X-ray btigh
we encountered problems finding solutions for the corongptically normal galaxies by Yuan & Narayan (2004, Fig.3)
structure to fulfill our upper boundary conditions such asgb
transition and no heat inflow from infinity. Further work i
needed to clarify whether the conditiéh— O for largez can
be achieved with a subsonic structure. A number of discussions have arisen around cooling flows and
For heat conduction reduced by a factor of 5 and soft imagnetic fields. We note that in the more general frame of con-
radiation, we found the maximal evaporation rateMd,sy densation and evaporation between corona and cool disk evap
Megq=0.004 at about 400 Schwarzschild radii. Thé&etience oration, flows can straighten out fields from the cool gaseg th
between the rates for hard and soft irradiation allows usito wcarry the fields with them. It seems conceivable that theevalu
derstand the hysteresis in the transition luminosity ofa}-r of the thermal conduction varies from object to object arsd al

o
4
1%
-
=}
-
%)

3.4. Computational results for soft irradiation

°4.2. Is heat conduction always the same?
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in one object with time depending on the accretion flow hispitzer, L. 1962, Physics of Fully lonized Gases, 2nd edljtio
tory. Zdziarski et al. (2004) study the long-term variailof Interscience Publ., New York, London

the X-ray nova GX 339-4 and discuss the spectral changesSiker, N., Blanton, E.L., & Sarazin, C.L. 2004, A&A 422, 445
different outbursts. Especially during the two recent outbyrsYoigt, L-M., & Fabian, A.C. 2004, MNRAS 347, 1130

the hargsoft transition in the second one occurred at a high%'ﬁg’mzl'(i‘ NNa[aygnN;5522%%35;13182 162

luminosity than that in the preceding one. They argued thatt7 , v 0% » e incki M., Mikolajewska, J. et al084, MNRAS
difference could arise from theftiirent accretion disk history. 351 791

The magnetic field pattern in the disk might be influenced by ’

this history of more or less mass flow in the disk.

5. Conclusions

We have evaluated how a reduced heat conductitects

the evaporation of gas from a cool disk to a hot coronal
flow/ADAF. The physical situation of evaporation (or conden-
sation) between hot (“coronal”) and cool (“disk”) gas is the
same around stellar black holes and in galaxies and clusters
of galaxies. For clusters of galaxies, reduced heat comatuct
seems to be supported by observations in several cases.

In our theoretical modeling, evaporation rates become
lower with reduced heat conduction, and the location whege t
evaporation fficiency reaches its maximum moves inward by a
factor of 7 for the reduction to 20%. This moves the trungatio
radii closer to an agreement with observations, but a saifi
difference exists still. On the other hand, the change of trunca-
tion radii with accretion rate logRy /A log M in our results is
in reasonable agreement with the numbers derived from obser
vations for galactic and supermassive black holes.

Interesting is the strong dependence of spectral transitio
on heat conduction. A further reduction might arise fromfa di
ferent magnetic field situation. This caffect the transition
from a very bright state to a very dim state in the AGN of ellip-
tical galaxies as suggested by Churasov et al. (2005).
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