
TheThe  OnsetOnset of of  General General RelativityRelativity::
Gravitationally Redshifted Emission Lines

ESAC/XMM Workshop, Madrid
AndreasAndreas Müller Müller
MPE Garching

 06/27/06



ESAC/XMM Workshop, Madrid 2006 - Andreas Müller (MPE) - June 27th 2006 2

Co-authorCo-author::
MargretheMargrethe  WoldWold (ESO Garching) (ESO Garching)

Paper Paper entitledentitled

On On thethe  SignaturesSignatures of  of GravitationalGravitational  RedshiftRedshift: : TheThe
OnsetOnset of  of RelativisticRelativistic Emission Lines Emission Lines

acceptedaccepted  forfor A&A A&A
((comingcoming  soonsoon on  on astro-phastro-ph))



ESAC/XMM Workshop, Madrid 2006 - Andreas Müller (MPE) - June 27th 2006 3

OutlineOutline

 MethodMethod: : Kerr Ray Kerr Ray TracingTracing
 Model: Model: EquatorialEquatorial  KeplerianKeplerian Rings Rings
 Tool: Tool: Line Line CharacterisationsCharacterisations

 ResultResult: : Radial Radial decaydecay of  of GravitationalGravitational  RedshiftRedshift
 ResultResult: : TwoTwo  modesmodes of  of GravitationalGravitational  RedshiftRedshift
 ResultResult: : {M, i} {M, i} measurementsmeasurements
 ResultResult: : ProbingProbing BH  BH spinspin

 Outlook: Outlook: Multi-wavelengthMulti-wavelength  ChallengeChallenge
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MethodMethod: Kerr Ray : Kerr Ray TracingTracing

Solve null geodesics equations in Kerr geometry with specified velocity field of emitter
Solver: Kerr Black Hole Ray Tracer (KBHRT)

Müller & Camenzind, A&A 413, 861, 2004
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GaussianGaussian  emissivityemissivity

suppressedsuppressed  emissionemission  zonezone

Rpeak = 10.0
σr = 0.2

mimics a
localized emission
on stationary rings
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Model: Model: equatorialequatorial  KeplerianKeplerian rings rings

 shift Gaussian emissivity over disk to study radial
dependence of ring emission

 i ~ 0° face-on orientation for gravitational redshift analysis

 assume δ-function for line emission in rest frame
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ExampleExample Line  Line profilesprofiles: 1° vs. 75°: 1° vs. 75°

Rpeak = 100.0 rg
a/M = 0.998

Keplerian rotating
ring

Gaussian
emissivity

gcore = 0.985

gcore = 1.008

SR beaming

g = νobs/ νem

Doppler
broadening
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Schwarzschild Schwarzschild geometrygeometry

= - α2

α = dτ/dt  = (- gtt)1/2         lapse function, „Schwarzschild factor“

 redshift:

asymptoticallyasymptotically
linear linear decaydecay
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Kerr Kerr geometrygeometry  ((Boyer-LindquistBoyer-Lindquist form) form)

 redshift: (θ = π/2)

    with functions

BH mass M,
BH spin a

asymptoticallyasymptotically
linear linear decaydecay
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Line Line corecore  redshiftredshift  gradientgradient
x-axis:
rg = GM/c2

(1 - gcore) x 100

Current detection
limit at 0.1 A optical
resolving power

Probe out to 75000 rg!

simulations:
i = 1°,
Keplerian
rings,
Gaussian
emissivity

zcore = 1/gcore - 1

Γ

transverse Doppler:
Schwarzschild:

z = 1/α - 1
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Line Line decaydecay  fromfrom 40 to 3  40 to 3 rrgg

i = 75°
a/M = 0.998

Keplerian
rotating rings,

Gaussian
emissivity:
~ 1 rg narrow

g = νobs/ νem

Strong gravity!
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TwoTwo  otherother Line  Line CriteriaCriteria

Position of red relic Doppler peak
grp

Doppler peak spacing
DPS

Müller &
Camenzind,

A&A 413, 861,
2004
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Red Red lineline  wingwing  evolutionevolution

i = 75°
a/M = 0.998

Keplerian
rotating rings,

Gaussian
emissivity:
~ 1 rg narrow

g = νobs/ νem

Line shifted towards
smaller energies!
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A Line A Line torntorn apart apart

i = 75°
a/M = 0.998

Keplerian
rotating rings,

Gaussian
emissivity:
~ 1 rg narrow

g = νobs/ νem

Line strechting!
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 g = Eobs/Erest  use any emission line specified by Erest

 X-rays e.g. Fe Kα
 optical lines e.g. Hα, Hβ, HeI, HeII
 etc.

 study can be applied to any black hole of arbitrary mass

 SMBHs in AGN and non-active galaxies
 stellar-mass black holes
 intermediate-mass black holes

Note on Note on GeneralityGenerality
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ProbingProbing BH  BH spinspin and and
Multi-wavelengthMulti-wavelength  challengechallenge

Kerr:Fill the gap with Fe Kα etc.

BH spin can only be
probed with emitters
within r < 10 rg

Optical BLR line data:
NLS1 Mrk 110

Kollatschny, A&A 412,
L61, 2003

Remember frame-
dragging: ω ~ r -3

Schwarzschild:

MBH =  1.4 x 108 M

assumed

z(r,i) ~ cos i / r

Scaling relation:
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ConclusionsConclusions
  ggcorecore  suitablesuitable to  to analyseanalyse  emissionemission  lineslines

and and quantifyquantify  gravitationalgravitational  redshiftredshift
 TwoTwo  modesmodes: : shiftshift and  and distortiondistortion
  RedshiftRedshift  far-fieldfar-field  scalingscaling: z ~ 1/Distance: z ~ 1/Distance
 RedshiftRedshift  cancan  bebe  probedprobed out to 75000  out to 75000 rrgg

withwith  currentcurrent  opticaloptical  resolutionresolution (VLT) (VLT)
  DistortionDistortion  startsstarts at a  at a fewfew  tenstens  rrgg
  CloseClose  emittersemitters, r < 10 , r < 10 rrgg, , cancan  probe BH probe BH spinspin
  Multi-wavelengthMulti-wavelength  observationsobservations of  of anyany  
redshiftedredshifted  featurefeature  provideprovide  tooltool  forfor robust      robust     {{M,iM,i}}
measurementsmeasurements
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ThankThank  youyou!!

Rring =
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Additional Additional SlidesSlides::
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StepStep 1:  1: RenderingRendering Image Image
g = νobs/ νem

g = (1+z)-1
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StepStep 2:  2: ComputeCompute  SpectralSpectral  FluxFlux

 spectral flux integral

 use conservation of phase-space
current (Misner 1973)

 assume line shape in rest frame: δ-
distribution

 specify radial emissivity profile

 evaluate tuple {g, ΔΩ, r} on each
pixel and sum over pixels!

GR Doppler factor g is a function of metric and emitter velocity field!



ESAC/XMM Workshop, Madrid 2006 - Andreas Müller (MPE) - June 27th 2006 22

Line Line decaydecay  fromfrom 40 to 3  40 to 3 rrgg

variable Rpeak

i = 75°
a/M = 0.998

Keplerian
rotating rings,

Gaussian
emissivity:
~ 1 rg narrow

g = νobs/ νem
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OpticalOptical Lines  Lines fromfrom  thethe
BLRBLR
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BLR BLR structurestructure
favored
model

idea from Kollatschny‘s website

this work:

only
Keplerian
rotation

line emitting
rings in equ.
plane
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ObservationalObservational  methodmethod

 reverberation mapping: emitter distance calculated from
cross-correlating light curves of lines with continuum

 time lag measurements: time interval τ for line responding
on continuum

 orbital radius R = τc

 differential redshift measurements                               of rms
line centers Δv

 redshifts Δz = Δv/c

 take optical lines Hα, Hβ, HeI, HeII
 rms line width measures line variability

Kollatschny, A&A 412, L61, 2003

Mgrav =  c2G-1 R Δz
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OpticalOptical  datadata
Kollatschny, A&A 412, L61, 2003

Mgrav =  c2G-1 R Δz

  R =  τc
     [rg]
______

    488.6
1340.6
3032.0
4046.9

mean value: Mgrav =  1.4 x 108 M
assume &
rescale

br
oa

de
r

line-of-sight
Doppler widths

Δz = Δv/c

______

   0.0018
0.0006
0.0004
0.0002

[1016 cm]
_______

1.0
2.8
6.3
8.4
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MrkMrk 110 -  110 - InclinationInclination of inner  of inner diskdisk

He[II]λ4686

He[I]λ5876
Hβ

λ4861
Hα

λ6563

Test different
inclinations

Obs. data:
Kollatschny,

A&A 412, L61,
2003

z(r,i) ~ cos i / r

Scaling relation:

assume
M = 1.4 x 108 M
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MrkMrk 110 -  110 - InclinationInclination of inner  of inner diskdisk

 Mrk 110 is AGN type-1
 confirmation of Kollatschny A&A 412, L61, 2003
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ConclusionsConclusions  ––  BroadBroad Line Region Line Region

 Flat Keplerian BLR model with emitting
rings allow to fit optical gravitationally
redshifted lines

 However: spherical BLR, complex
dynamics, opacity effects, disk warping

 Fits with cos i/r in z-r plot deliver {M, i}
CAUTION: scaling breaks down at small radii

 Inner disk inclination of NLS-1 Mrk 110
fitted to i = 30° by assuming M


