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We present a new phenomenological gravitational waveform model for the inspiral and coalescence of
nonprecessing spinning black hole binarics. Our approach is based on a froquency-domain matching of
post-Newtonian inspimal waveforms with numerical relativity based binary black hole coalescence
wavefoms. We quantify the various possible sources of systematic erors that arise in matching pos
Newtonian and numcrical relativity wavcforms, and we s 8 matching
ermors; we find that the dominant source of errors are those in the post-Newtonian wavefomns ncar the

Am Mihlenberg 1, D-14476 Golm, Germany

107122 Palma, Spain

ieria based on minimizing these

of black

bole binaries is presentod that captures the phenomenology of the hybrid waveforms. lts implementation
in the current seasches for gravitmional waves should allow crosschecks of other inspiral merger-
ringdown waveform families and improve the reach of gravitational-wave searches.

DOL 101103/PhysRevb 62064016

L INTRODUCTION

As a genenalization of the classic Kepler problem in
Newlonian gravity, the binary black hole (BBH) system
in general relativity is of great interest from a fundamental
physics viewpoint. Equally imporandy, this
received a great deal of attention for its relev
astrophysics and, in particular, as ane of the most promis-
ing sources of detectable gravitational radiation for the
present and future generations of gravitational-wave detec-
tors, such as LIGO [1]. Virgo [2]. GEO60O [3], LISA [4],
or the Einstein Telescope (5. The Kepler problem can be
solved exactly in Newtonian gravity, and it leads to the
well-known elliptical orbits when the system is gravita-
tionally bound. In contrast, in general relativity, closed
orbits do not exist and the BBH system emits gravitational
waves (GWs) which carry away energy, thereby causing
the black holes to inspiral inwards and to eventually co-
alesce. The emitted GWs are expected o carry important
information about this process, and it is one of the goals of
gravitational-wave astronomy to detect these signals and
decode them

No analytic solutions of Einstein's equations of general
relativity are known for the full inspiral and merger of two

PACS mambers: 043006, 0425, 0425Nx, 0480Nn

solutions of the full Einstein ficld equations. Since the
initial breakthroughs in 2005, there has been dramatic
progress in numerical relativity (NR) simulations for GW
astronomy, including many more orbits before merger,
greater accuracy, and a growing sampling of the black
hole-binary parameter space. A summary of the published
“long” waveforms is given in the review (9], and a com-
plete catalog of waveforms is being compiled at [10]; more
recent work is summarized in [11). NR results are now
accurate enough for GW astronomy applications aver the
next few years [12] and have started playing a role in GW
searches [13,14].

Given PN and NR results, it is promising to try and
combine them to produce ““complete™ inspiral-merge
ringdown wave forms. techniques in their standard for-
mulation become less accurale as the binary shrinks, and
the approximation breaks down completely somewhere
prior o the merger. NR waveforms, on the other hand,
become more and more computationally expensive the
larger the number of cycles that one wishes 1o simulate;
the longest published data spans 16 orbits for the equal-
mass nonspinning case [15]. We therefore would hope to
combine PN and NR results in the region between the point
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Snijders, T. M., Vosse, T., Kempen, G., Van Berkum, J. J. A., Petersson, K. M., & Hagoort, P.
{2009). Retrieval and unification of syntactic structure in sentence comprehension: An fMRI study
using word-category ambiguity. Cerebral Cortex, 19, 1493-1503.

Sentence comprehension requires the retrieval of single word information from long-term memary, and the
integration of this information into multiword representations. The current functional magnetic resonance
imaging study explored the hypothesis that the left posterior temporal gyrus supports the retrieval of
lexical-syntactic information, whereas left inferior frontal gyrus (LIFG) contributes to syntactic unification.
Twenty-eight subjects read sentences and word sequences containing word-category (noun—verb)
ambiguous words at critical positions. Regions contributing to the syntactic unification process should
show enhanced activation for sentences compared to words, and only within sentences display a larger
Youa|l  signal for ambiguous than unambiguous conditions. The posterior LIFG showed exactly this predicted
pattern, confirming our hypothesis that LIFG contributes to syntactic unification. The left posterior middle
temporal gyrus was activated more for ambiguous than unambiguous conditions (main effect over both
Jos sentences and word sequences), as predicted for regions subserving the retrieval of lexical-syntactic
Publ information from memory. We conclude that understanding language involves the dynamic interplay
between left inferior frontal and left posterior temporal regions.
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Tineke M. Snijders', Theo Vosse', Gerard Kempen™, Jos
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University, 2311 EZ Leiden, the Netherhnds and Max Ranck
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Ih{mﬂn al 1999, Sag and Wasow 1999; Kempen and Harbusch
2002). Both memory and uniication proceses occur in paraliel
at the semantic {concepeual) and at the syntactic (structural)
level (Jackendoff 2002). The cumment functional magnesic
resonance imagirg (ORI study focuses on the smdadic level
We 1im 1o diserzingle the antactic retrieval and URKCION
processes and identify theis rexpective nearal cormelates.

fhe symachc usification process should show eshanced scivion
for semteons compared to words, ad only withia semnces
display a larger signal for ambiguous than yasmbigusus conditions.
T porteior LIFG showed wxactly Mis preficted patiens,
confirming ow hypothesis that LFG comributes 1o symtachc
wicurion The Lot sestice widde tompes! gyrms was cthoied
more for
both sentences wnd word sequences), us prodicied for regom
subserving the revieval of lexicasymacic information from
memory. We conclode that understanding agunge imvolves e
dynamic. isterplay between left inferior frontal and left pasterior
ol regon.

Neirwords: inteyatcn. I infsicr oot gy, lanams tisval
parsng seperel obe

trodus fon
We hear and see thousands of words exch day, and eSorlesdy
imterpeet them in their camext To achieve this, several
intricate procemes are engaged by the brain Whatorer model
of Lngusge comprehemsion one adberes 1o, all make the

Mode

Recently. in lingubstic theorics the separation between Jexical
items and traditional nules of gmmar is fading. Increasing
suppont s been found for lexialis parsing models (Macdon
aMd e al. 1994 Joshi and Schabes 1997, Jackendoff 2002). In
lexicaliss models synactk properties of words needed for
Integration are retnieved from the lexicon (from memory), and
the only remaining “rule” is unification (Jackendoff 2002}

A lexicain model that is computatiomaly expicit & the
Unification Space Model of pursing by Vasse and Kempen
(2000} This model accounts for a birge series of empirical
findings in the parsing lnerature and in the neuropey chological
Eterature on aphasia Accorting to the Unification Space Model,
every incoming woed etrieves one of more lexical frumes £om
the “mental lexkon” These lexical frames are elementary
syntactic trees, speciying the posible structunl environment
of the paicular input wonl. See Figure | for examples of
lexical frames fer 3 noun (‘fight”) and 1 verb (‘fiee’). This
paning acoount b “lexicalis” in the sense that 2 syntactic
information asociated with 3 lexical item is retrieved from the
mental lexkun rather than be ing supplied by gramenate al rules
(Vosse and Kempen 2000, or 3 smdas sccount, see Culicoves
and Jackendof 2005)

a will enter the

amive a5

Retrieval entails selecting the kexical
Have learned

of 2 wond

B b b dowa i kg dcems memory, 8 what porc ycholin
guises usually call the “mental lexicon” (e . Levelt 1992). This

information inchides 3 word's M, iy ARGCHC properties
(e ward class, gender), and the meaning of a lexical iem. In
xder to undentand single words we have to map the input
signal onto wond form representations in the mental lexicon
(accem) and welect the corresponding lexical representation
(Marsen Wikon 1987} In this way the information assochted
‘with the word Borm isetricv e Thowe ver, what makes hngiage
useful and creative is that words cceur in al sors of different
contexts, with the varying combinations of worls allowing for
an infinite number of higherlevel representaions (von Tham,
Tokde 1836). This peocess of combining the retneved singe
ward inbamation into higherlevel repraventations, has been
«aled “integration’ o “unfication’ (Masien-Wison 1987

o outat
[ e S

lgut. Then, in Unifcation Space bindi, persions between
lexical fames are performed, resubing i an incremental

During the unification
process lexical frames are linked, and agrecment features
(number, gendes, pemon, etc.) and word onder camstraints are
appliod. Unification links arc dynami, thit s, the strength of the
unificaion links varies over time untd one sable phrasal
configuntion fesults As hnguige & intrindcally ambighous,
oken several different nification passiblities exist. In the

" "

links occurs via bteral inksbition (Vosse and Kempen 2000, see:
hom peon: Schill 2005 on sclection ).

Brain Reglons
With the Unification Space Model a8 our theoretical frame
work, can we endify distinct neural sysems subserving
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conibutes 1o syabactic wicabon. Twenty-sight subfects read

sestinces and wad sequences ol worbedmny nous-

o) ambliguous. words

Sentence comprehension requires the retrieval of single word information from long-term mem

Tineke M. Snijders', Theo Vosse', Gerard Kempen™, Jos

JA Van Berkum®, Karl Magnus Petermon'® and
Peter lagoort™*

*EC. Danders Centre for Cognitive Neuroimaging. 6500 HB
Nijmegen, the Netherlands, *Cognitive Prychology Unit, Leiden
University, 2311 EZ Leiden, the Netherhnds and Max Ranck
Institute for Prycholinguistics, 6525 XD Njmegen, the

Nethe tlands

Hagoors et al 1999 Sag and Wasow 1999, Kempen and Harbusch
2002). Both memory and unification processes oceur in paralel
at the semantic {concepeual) and at the syntactic (structural)
level (Jackendoff 2002). The cumment functional magnesic
resonance imagirg (ORI study focuses on the smdadic level
We 1im 1o diserzingle the antactic retrieval and URKCION
processes and identify their respective neural comelates

integration of this information into multiword representations. The current functional magnet|

e symache unification process should show eshanced lﬂhibl
for smiaces compared to words, and oaly within seamaces
display 8 larger signal for ambiguous than unam biguous conditions.
The posteior LIFG showed wactly his predicted paten,
confiming ouw hypothesis thai LIFG costributes to symacfic
! X = lenie To eyt miis ] B vt s
Twenty-eight subjects read sentences and word sequences containing word: v eyt s o et s v
; - ; ) - . : s ot o ot oo o rdend bt o
subserving the revieval of lexcalsymactc information from
memory. We contlode that usderstanding lmguige ivolves e

dynamic imerplay between left inferior frontal and left posterior
ol rograns

show enhanced activation for sentences compared to words, and
Youal  signal for amblguous than unambiguous conditions. The post R, g s it
gy

Introducfon
We hesr and see thousands of words each day, and efortlesly
interpres them in their cantext. To achiere this, several
intricate processes are engaged by the brain Whatever model
of hnguage comprehension one adberes 10, all muke the

Recently, in linguistic theories the separation between lexical
ieenn and traditional rules of grammr is fading. Increasing
support has been found for lexicalist parsing models (Macdon
aMd e al. 1994 Joshi and Schabes 1997, Jackendoff 2002). In
lexicalist models synactic properties of words needed for
integration are retrieved from the kexicon (from memory), and
the only remaining “rule” is unification (Jackendoff 2002}

A lexicalin. model that is computationaly expicit & the
Unification Space Model of pursing by Vasse and Kempen
(2000} This model accounts for a birge series of empirical
findings in the parsing lnerature and in the neuropey chological
Eterature on aphasia Accorting to the Unification Space Model,
every incoming woed etrieves one of more lexical frumes £om
the “mental lexicon” These lexical frames are clementary
sytactic trees, specifying the posible structural environment
of the paicular input wonl. See Figure | for examples of
lexical frames fer 3 noun (‘fight”) and 1 verb (‘fiee’). This
passing acoount & lexicalis” in the semse that al syntactic
information asociated with 3 lexial item is retrieved Fom the
mental lexioon rather than being suppliod by grammatical rules
(Vosse and Kempen 2000, or 3 smdas sccount, see Culicoves
and Jackendoff 2005).

 Lexical games that re retsieved from memory wil ater the

Retrieval entaik sclecting the Jexical of 2 word
y have learned
has been bid down in Jong term memory, in what poycholin
st usually call the “mental lexicon” (e g. Level 1992). This
information inchides 3 word's farm, s AnACtic properties
(e, ward chass, gender), and the meaning of 2 lexical kem. In
xder to undentand single words we have to map the input
signal onto wond form representations in the mental lexicon
(accem) and welect the corresponding lexical representation
(Marsen Wikon 1987} In this way the information assochted
‘with the word form isretricved. Towever, what makes language
useful and creative is that words cceur in al sors of different
contexts, with the varying combinations of worls allowing for
an infinite number of higherlevel representaions (von Tham,
Tokde 1836). This peocess of combining the retneved singe
ward inbamation into higherlevel repraventations, has been
«aled “integration’ o “unfication’ (Masien-Wison 1987

Link to source (DOI) >
Downloadable fulltext =

Supplementary materials
suppl1.pdf
suppl2_dutch_stimulus. pdf

o outat
[ e S

armive as
lgut. Then, in Unifcation Space bindi, persions between
lexical fames are performed, resubing i an incremental

During the unification
process lexical frames are linked, and agrecment features
(number, gendes, pemon, etc.) and word onder camstraints are
appliod. Unification links arc dynami, thit s, the strength of the
unificaion links vaies over time untd one stable phrasl
configuntion fesults As hnguige & intrindcally ambighous,
oken several different nification passiblities exist. In the
o "

Hnks (Vosse and K 2000, e
Thompron-Schill 2005 on sclection).

Brain Reglons
With the Unification Space Model a8 our theoretical frame
work, can we endify distinct neural sysems subserving
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The primary outlets for our scientific research are publications (mostly
books, journal articles, and book chapters). You can find various lists of
themelsewhere on the site, as part of:

e monthly lists of recent core publications
e the (bi) annual research report section
e research project pages
e research group pages

e person webpages

our dissertation series webpage

Most of the publication lists on our website are generated from our PubMan
publications database. Via these lists, you can usually access additional
information (e.g., downloadable fulltext or fulltext request form, abstract,
supplementary information).  you want, you can also search the PubMan
database itseff.
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The Netherlands
o July 2011
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o the (bi) annual research report section
e research project pages

e research group pages

e person webpages

e our dissertation series webpage

Most of the publication lists on our website are generated from our PubMan
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Biennial research reports and annual reports

Below are the research reports of our institute, in pdf. Note that as of 2007, the

publication lists are generated automatically from our publications database.

Reports
Research Report 2009 - 2010 (2MB)

Research Report 2007 - 2008 (2 MB)
Annual Report 2006 (18 MB)

Annual Report 2005 (22 MB)

Annual Report 2004 (30.2 MB)
Annual Report 2003 (2,7 MB)
Annual Report 2002 (5,2 MB)

The Max Planck Institute for
Psycholinguistics is an
institute of the German Max
Planck Society. Our mission is
to undertake basic research
into the psy chological,social
and biological foundations of
language. The goal is to

institute has switched to a bi-annual format with selective publication lists only. Full
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information (e.g., downloadable fulltext or fulltext request form, abstract,
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Research projects

Virtually all of our current research is organized in the Street address

Institute Projects listed below (with many of them involving Wundtlaan 1

multiple research groups): 6525 XD Nijmegen
The Netherlands

Categories across language and cognition

This project is concerned with the nature of categories and concepts in language, Mailing address

Home News. Events sUtmelE in non-linguistic perception and cognition, and the relationship between them. P.O. Bax 310
Coordination of cognitive systems -?-M@Ngz:;‘;?e"
This project investigates the relationship between language comprehension and
production and other cognitive processes, including attention, vision, and working Phone: +31-24-3521911
You are here; Home — Research memory. Fa:  +31-24-3521213

E-mail:  info@mpi.nl
Individual differences project

The project aims to describe how people are similar and how they differ in their

ways of speaking and understanding spoken language and to explain how these ‘f’
Research output wyw ol spadung S

Language and genetics project w 9
The prirnary outlets for our Research on the complexinterplay between genes and language at different levels

and time scales. ——

books, journal articles, and

them elsewhere on the site Mechanisms and representations in comprehending speech
Research on theoretical issues in speech comprehension.

e monthly lists of recent cor Interactional foundations of language

This project investigates language in its primordial context — face-to-face

e the (b|) annual 2arch re conversational interaction — the context in which language is learnt, and

predominantly used.
[o research project pages ] Language in action

Cognitive neuroscience research on the architecture of the language systemas it

e research group pages operates in rich social, physical, or discourse contexs.
Unification

® person webpage S Research on how different sources of information (retrieved frommemory or
provided by sensory input) are unified with language into an interpretation

e our dissertation series web oM etlenion) o L s (poructan).

E-mal.  info@mpi.ni

Most of the publication lists on our website are generated from our PubMan

publications database. Via these lists, you can usually access additional &

information (e.g., downloadable fulltext or fulltext request form, abstract, O “{’ A,

supplementary information). if you want, you can also search the PublVan e < @
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Research departments and research groups

Our institute's primary organisational units are the
research departments listed below:

Individual differences in language processing department

Why are some people better with words than others?
Director: Antje Meyer.

Language acquisition department

How do we learn a first, second or third language?
Director: Wolfgang Klein.

Language and cognition department

What is the relationship between language and general cognition?
Director: Stephen Levinson.

Language and genetics department

I?

Max Planck Inditute
for Pgycholinguistics

Street address
Wundtiaan 1

6525 XD Nijmegen
The Netherlands

Mailing address
P.O. Box 310
6500 AH Nijmegen
The Netherlands

Phone: +31-24-3521911
Fax: +31-24-3521213
E-mai: info@mpi.nl
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Which genes underlie human language, and how do they explain its evolution and &
variability? How does the genome help build a language-ready brain? Ny ]
Director: Simon Fisher. - @/
.»-b S -
Language comprehension department w—
How do we understand spoken language? * ol
Director: Anne Cutler.
Neurobiology of language department
How does the brain support language?
Director: Peter Hagoort.
Other research groups funded by the MPG:
Adaptive listening group
How do listeners understand language spoken with a foreign accent?
Headed by: Andrea Weber.
Communication before language group
How do infants communicate before they have language?
Headed by: UK Liszkowski.
Comparative cognitive anthropology group
How much does human cognition vary across cultures?
Headed by: Daniel Haun
T e - 4
s
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Search Site > | MPI Dissertation series > Max Planck Inditute
for Psycholinguistics
Since 1997, Ph.D.’s of the Max Planck Institute for Psycholinguistics have
their theses appear in aseries. This MPI Series in Psycholinguistics Street address
enables the Institute to make the quality and diversity of its research Wundtlaan 1
more visible to the outside world. Here is a list of theses that have 6525 XD Nijmegen
appeared so far. Note that the following titles are unpublis hed The Netherlands
dissertations. Anyone interested in a copy is advised to contact the
e author of the dissertation in question (or, if that fails, the library). Mailing address
el anck Institute fo P.O. Box 310
Psycholinguist 6500 AH Nijmegen
institute of the German Max 1. The electrophysiology of speaking. Investigations on the time course of The Netherlands
Planck Society. Our mission is semanftic, syntactic and phonological processing

Phone: +31-24-352191M1
Fax: +31-24-3521213
E-maill: info@mpi.ni

to undertake basic res Miranda van Turennout

1997

2. The role of the syllable in speech production. Evidence from lexical statistics,
metalinguistics, masked priming and electromagnetic midsaggital
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Theses, completed 7] Ahn, S.-J., Badenes-Pérez, F. R., Heckel, D. G. (in press). Ahost-plant specialist, Helicoverpa assulta,
is more tolerant to capsaicin from Capsicum than other noctuid sp . JOURNAL OF INSECT
IMPRS (PhD Graduate Program) PHYSIOLOGY. d0i:10.1016/}jinsphys.2011.05.015. [HEC195] © pubtan
Library 2 Beyaert, L, Képke, D., Stiller, J., Hammerbacher, A., Yoneya, K., Schmidt, A., Gershenzon, J., Hilker,
M. (in press). Can insect egg deposition 'warn’ a plant of future feeding by herbi
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+Welcome to Jena
3 Bomble, F. W., JouBen, N., Schmitz, B. G. A., Wolgarten, H. (in press). Seltene und kritische
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Oelmiller, G. Kost, S. Tripathi, A Varma (Eds.), SEBACINALES: FORMS, FUNCTICNS AND
BIOTECHNOLOGICAL APPLICATIONS. [IMPRS006] & PubMan
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About

Reinhold von Sengbusch

on this website you find the publications of Prof. Dr. Reinhold
von Sengbusch. Reinhold Oskar Kurt von Sengbusch (* 16
February 1898 in Riga; t 13 June 1985 in Hamburg) was a
Director at the Max Planck Institut fur Kulturpflanzenziichtung in
Harmburg-volksdorf and one of the most important breeding
researchers of the last century. In addition to many of his
publications you can find out more about his favorite topic, his
breeding achievements and the scientific impact he had.

Reinhold von $Sengbusch began to publish in 1924 and
continued until the nineteen-eighties. Sengbusch alone and
together with his colleagues published about 300 scientific
articles. His institute produced about 600 publications. Over time
the fulltext availability on this site will increase.

This collection is presented by the Max Planck Digital Library. The
photographs of Reinhold von Sengbusch and the Institute are
provided by the Archive of the Max Planck Society.

As we would like to increase the usability of this website, please feel free to send us your

comments.

This blog is proudly powered by WardPress MU,

Entries (RSS) and Comments (RSS).
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* Soy (1)
» Spinach (4)
* Sugar beet (1)
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» Research (19)
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» Technique (&)
» Tenerife (4)
> Urology (23)
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