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Abstract. The fully analytical solution for isothermal Bondi accretion on a black hole (MBH) at
the center of JJ two-component Jaffe (1983) galaxy models is presented. In JJ models the stellar
and total mass density distributions are described by the Jaffe profile, with different scale-lengths
and masses, and to which a central MBH is added; all the relevant stellar dynamical properties
can also be derived analytically. In these new accretion solutions the hydrodynamical and stellar
dynamical properties are linked by imposing that the gas temperature is proportional to the
virial temperature of the stellar component. The formulae that are provided allow to evaluate
all flow properties, and are then useful for estimates of the accretion radius and the mass flow
rate when modeling accretion on MBHs at the center of galaxies.
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1. Introduction

Observational and numerical investigations of accretion on massive black holes (here-
after MBH) at the center of galaxies often lack the resolution to follow gas transport
down to the parsec scale. In these cases, the classical Bondi (1952) solution on to an
isolated central point mass is then commonly adopted, for estimates of the accretion
radius (i.e., the sonic radius), and the mass accretion rate (see Ciotti & Pellegrini 2017,
hereafter CP17, and references therein). However, two major problems affect the direct
application of the classical Bondi solution, namely the facts that 1) the boundary values
of density and temperature of the accreting gas are assigned at infinity, and 2) in a galaxy,
the gas experiences the gravitational effects of the galaxy itself (stars plus dark matter),
and the MBH gravity becomes dominant only in the very central regions. The solution
commonly adopted is to use values of the gas density and temperature “sufficiently near”
the MBH. It is therefore important to quantify the systematic effects, on the estimates
obtained from the classical Bondi solution for the accretion radius and the mass accre-
tion rate, due to measurements taken at finite distance from the MBH, and under the
effects of the galaxy potential well. A first step analysis of this problem was carried out
in Korol et al. (2016, hereafter KCP16) where the Bondi problem was generalized to the
case of mass accretion at the center of galaxies, including also the effect of electron scat-
tering on the accreting gas. CP17 showed that the whole accretion solution can be given
in an analytical way for the isothermal accretion in Jaffe (1983) galaxies with a central
MBH. Ciotti & Pellegrini (2018, hereafter CP18, in preparation), extend the study to JJ
two-component galaxy models (Ciotti & Ziaee Lorzad 2018, hereafter CZ18), where the
stellar and total mass density distributions are both described by the Jaffe profile, with
different scale-lengths and masses, and a MBH is added at the center. In particular, JJ
models offer the unique opportunity to have a quite realistic family of galaxy models with
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a central MBH, allowing both for the fully analytical solution of the Bondi (isothermal)
accretion problem, and the fully analytical solution of the Jeans equations.

2. The models

2.1. The Bondi solution

In the Bondi problem, the gas is perfect, has a spatially infinite distribution, and is
accreting on to a MBH, of mass MBH. The gas density ρ and pressure p are linked by
the polytropic relation

p=
kBρT

< μ>mp
= p∞ρ̃γ , ρ̃≡ ρ

ρ∞
, (2.1)

where γ = 1 in the isothermal case,mp is the proton mass, and p∞ and ρ∞ are respectively

the gas pressure and density at infinity. The sound speed is cs =
√

γp/ρ, and in the
isothermal case T (r) = T∞ and so cs(r) = c∞. With the introduction of the Bondi radius
rB and of the Mach number M, given respectively by

rB ≡ GMBH

c2∞
, M(r) =

v(r)

cs(r)
, (2.2)

the time-independent continuity equation becomes

x2ρ̃(x)M(x) =
Ṁt

4πr2Bρ∞c∞
≡ λ, x≡ r

rB
, (2.3)

where Ṁt is the mass accretion rate on the MBH at the center of the galaxy, and λ the
accretion parameter.
For a Jaffe galaxy of total mass Mg and scale-length rg, the gravitational potential

and the two parameters determining the accretion solution are (CP17):

Φg =
GMg

rg
ln

r

r+ rg
, R≡ Mg

MBH
, ξ ≡ rg

rB
. (2.4)

In the Bondi problem for isothermal accretion reduces to the solution of

M2

2
− lnM= f(x)− eλ, f =

χ

x
− R

ξ
ln

x

x+ ξ
+ 2 ln x, (2.5)

where χ≡ 1−L/LEdd measures the effect of electron scattering radiation pressure due to
the accretion luminosity L. Solutions exist only for λ� λt, the critical accretion parame-
ter, a value determined by the position of the minimum xmin for the function f . For the
Jaffe galaxy the position of the only minimum of f (corresponding to the sonic radius
of the critical solution) can be calculated analytically, with xmin = xmin(χ,R, ξ), so that
quite surprisingly one can evaluate λt analytically. In the peculiar case of χ= 0 (and/or
MBH = 0), a solution of the accretion problem is possible only for R� 2ξ. Moreover,
the radial trend of the Mach number can also be calculated analytically in terms of the
so-called W Lambert-Euler function.
CP18 apply the previous results to JJ models, that are characterized by a total Jaffe

density distribution ρg (stars plus dark matter) of total mass Mg and scale-length rg, and
a stellar Jaffe distribution of stellar mass M�, and scale radius r∗. Remarkably, almost all
the stellar dynamical properties of JJ models with a central MBH can be expressed by
analytical functions (CZ18), so that they are a family of two-component galaxy models
with a central MBH allowing for a full analytical treatment of Bondi accretion and of
stellar dynamics (CP18).
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2.2. Structure and dynamics of the JJ models

The stellar and total density distributions of JJ galaxies are given respectively by

ρ∗(r) =
ρn

s2(1 + s)2
, ρg(r) =

ρnRgξg
s2(ξg + s)2

, s≡ r

r∗
, (2.6)

where we define

ρn ≡ M�

4πr3∗
, Ψn ≡ GM�

r∗
, μ≡ MBH

M�
, Rg ≡ Mg

M�
, ξg ≡ rg

r∗
. (2.7)

Typically, μ≈ 10−3. When ξg � 1, the density distribution of the dark halo ρDM = ρg − ρ∗
is nowhere negative, provided that Rg = αξg with α� 1. A galaxy with α= 1 is called
a minimum halo model, and the associated halo is well approximated by the NFW
(Navarro et al. 1997) profile over a very large radial range (CZ18). For JJ models
the Osipkov-Merrit anisotropic Jeans equation, and the projected values of the veloc-
ity dispersion at the galaxy center, can be expressed analytically. In particular, the virial
temperature of the stellar component can be written as TV =<μ>mpσ

2
V/3, where the

virial velocity dispersion of stars is given by σ2
V =ΨnαFg(ξg), and Fg(ξg) is a simple

analytical function, with Fg(1) = 1/2 and Fg(∞) = 1.

2.3. Linking stellar dynamics to fluidodynamics

In CP18 the idea is to self-consistently “close” the accretion solution, determining a
fiducial value for the gas temperature as a function of the galaxy model hosting accretion.
For assigned values of ξg � 1, Rg (or α), and μ, we fix T∞ = βTV, with β > 0, so that

c∞ = σV

√
β/3. All the accretion parameters can therefore be obtained in terms of the

galaxy properties as

R=
αξg
μ

, ξ =
RβFg

3
,

rB
r∗

=
3μ

αβFg
,

rmin

r∗
= xmin(χ,R, ξ)

rB
r∗

, (2.8)

where rmin is the position of the sonic radius. Then the critical accretion parameter
λt, and the Mach number profile, can be computed analytically using the results of
CP17. It turns out that for JJ models with χ= 0 (and/or MBH = 0) the Bondi solution
exists only for β � βc ≡ 3/(2Fg) with 3/2� βc � 3, and that βc determines the behavior
of the solution also in presence of a MBH. The first three panels in Fig. 1 show some
representative cases of the quantities in eq. (2.8). One of the most relevant features is
the considerable jump of rmin from very external to very internal galactic regions, even
for a slight increase of the gas temperature. Finally, CP18 evaluate the departure of the
estimated mass accretion rate Ṁe(r)≡ 4πr2Bλcrρ(r)c∞ obtained from the classical Bondi

solution, from the true value Ṁt, as a function of the distance from the center:

Ṁe(r)

Ṁt

=
λcrρ̃(x)

λt
=

λcr

x2M(x)
, (2.9)

where M(x) is the solution of eq. (2.5). Here ρ(r) is taken along the solution for accretion
within the potential of the galaxy and used as “proxy” for the true value ρ∞, and λcr =
e3/2/4 is the isothermal critical accretion parameter of the Bondi solution on an isolated
MBH. Note how the bias increases from values much lower than unity in the outer galactic
regions to very large values near the center; this allows to directly estimate the so-called
“boost factor” (see CP18 for a thorough discussion).
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Figure 1. Relevant scale-lengths of the isothermal accretion solution in JJ models, as a function
of ξg = rg/r∗. A MBH-to-galaxy stellar mass ratio μ= 2× 10−3 is assumed, and T∞ = βTV. Top
left: the ratio rB/r∗ with β = 1 and α= 1 (black), 2 (blue), 3 (red). Top right: ratio rmin/r∗ for
α= 1 and β = 1, 3/2, 2, 3: for large values of R and β < βc the ratio is almost independent of
α but strongly dependent on gas temperature; for β > βc, the sonic radius collapses near the
center. Bottom left: the critical accretion parameter λt as a function of ξg, for α= 1, 2, 3, χ= 1,
and β = 1 (solid lines). The dotted curves refer to α= 1 and three different values of β. Bottom

right: ratio between the estimate of the accretion rate Ṁe and the true accretion rate Ṁt, as a
function of r/r∗, in the minimun halo case (α= 1), and ξg = 1 (red), ξg = 3 (blue), and ξg = 20
(black). The dotted lines correspond to β = 3, and the solid dots mark the position of the Bondi
radius.

References

Bondi, H., 1952, MNRAS 112, 195
Ciotti, L., & Ziaee Lorzad, A. 2018, MNRAS 473, 5476 (CZ18)
Ciotti, L., & Pellegrini, S. 2017, ApJ 848, 29 (CP17)
Jaffe, W., 1983, MNRAS 202, 995
Korol, V., Ciotti, L., & Pellegrini, S. 2016, MNRAS 460, 1188 (KCP16)
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ 490, 493

https://doi.org/10.1017/S1743921318005732 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921318005732

	Fully analytical solutions for Bondi accretion in galaxies with a central Black Hole
	Introduction
	The models
	The Bondi solution
	Structure and dynamics of the JJ models
	Linking stellar dynamics to fluidodynamics




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


