Dissertation
submitted to the
Combined Faculty of
Mathematics, Engineering and Natural Sciences
of Heidelberg University, Germany
for the degree of

Doctor of Natural Sciences

Put forward by
Xiangyu Zhang

born in: Baotou, China

Oral examination: 03-07-2025






On the Variation of Interstellar Dust Extinction

Referees: Dr. Gregory M. Green
Prof. Dr. Ralf S. Klessen






This work is licensed under a Creative Commons

“Attribution-NonCommercial-NoDerivs 3.0 Un- @ @ @ @

ported’] license.



https://creativecommons.org/licenses/by-nc-nd/3.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/3.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/3.0/deed.en
https://creativecommons.org/licenses/by-nc-nd/3.0/deed.en




Zusammenfassung

Staub erschwert astronomische Beobachtungen und spielt eine wichtige Rolle in
der Entwicklung von Galaxien. Die dreidimensionale Kartierung von Staub er-
moglicht nicht nur eine priazise Korrektur von Beobachtungen, sondern liefert auch
Einschrinkungen fiir die Entwicklung des interstellaren Mediums (ISM). Extink-
tion ist die zentrale beobachtbare Grofle zur Bestimmung der Dichte und Eigen-
schaften von Staub und wird hdufig in Staubkarten verwendet. Die meisten beste-
henden Staubkarten gehen von einer universellen Extinktionskurve aus und behan-
deln die Staubeigenschaften als einheitlich. Diese Arbeit fithrt Variationen in der
Steilheit von Extinktionskurven ein, parametrisiert durch R(V). Ich entwickle ein
datengetriebenes Vorwirtsmodell, das niederaufgeldste Spektren als Funktion von
Sternparametern (effektive Temperatur, Oberflichengravitation und Metallizitit),
Parallaxe und Extinktionseigenschaften vorhersagt. Dieses Modell wird auf alle 220
Millionen Gaia-XP-Spektren angewendet und liefert prizise Extinktionskurven fiir
130 Millionen Sterne in der Milchstral3e, der LMC und der SMC. Daraus erstelle ich
die erste dreidimensionale Himmelskarte von Extinktionskurven-Variationen. Uner-
warteterweise finde ich, dass die Extinktionskurven in durchscheinenden Staub-
wolken mit zunehmender Staubdichte steiler und nicht flacher werden. Ich schlage
eine theoretische Erkldrung vor, die die Steilheit auf das Wachstum polyzyklischer
aromatischer Kohlenwasserstoffe (PAHs) zurilickfiihrt. Die Ergebnisse liefern zu-

dem wichtige Implikationen fiir zukiinftige Beobachtungen im Zeitalter des JWST.
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Abstract in English

Dust obscures astronomical observations and plays a important role in the evo-
lution of galaxies. Mapping dust in three dimensions not only allows accurate cor-
rection of observations but also constrains the evolution of the interstellar medium
(ISM). Extinction is the central observable to trace the density and properties of
dust, and is widely employed in dust mapping. Most existing dust maps assume
a universal extinction curve, treating the properties of dust as uniform. This thesis
introduces variations in the slope of extinction curves, parameterized by R(V). I con-
struct a data-driven forward model that predicts low-resolution spectra as a function
of stellar parameters (effective temperature, surface gravity, and metallicity), par-
allax, and extinction properties. This model is applied to all 220 million Gaia XP
spectra, yielding precise extinction curves for 130 million stars in the Milky Way,
LMC, and SMC. From these, I construct the first 3D all-sky map of extinction curve
variations. Unexpectedly, I find extinction curves steepen, rather than flatten, with
increasing dust density in translucent dust clouds. I propose a theoretical explana-
tion, attributing the steepening to the growth of polycyclic aromatic hydrocarbons
(PAHs). The results also provide implications for future observations in the era of

the JWST.
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Chapter 1

Dust properties and models

1.1 Abstract

In this chapter, I review the study of interstellar dust extinction. Beginning with its
definition, I derive the connection between extinction and the physical properties of
dust, and discuss observational and experimental constraints on these properties. |
then review the development of methodologies for determining extinction curves.
Observed features of extinction curves are reviewed, including the infrared power
law, R(V), broad structures in the optical, diffuse interstellar bands, and the UV
bump, as these observations are relevant to this thesis. Finally, [ review dust evolu-
tion processes and their influence on extinction curves, which provides the basis for

explaining our discovery.

1.2 Physics of Extinction

As starlight passes through the interstellar medium (ISM), it is attenuated by scat-
tering and absorption by “dust,” the solid grains present in the ISM. These two
processes—scattering and absorption—are collectively referred to as extinction. This

attenuation can be described by the radiative transfer equation:

3



4 Physics of Extinction

dl (n;s) .
—ds =] (n;9) )1 (n;ys); (1.1)

S
where | (n;s) is the specific intensity of light at wavelength , as a function of
direction n and distance S. j (S) is the emissivity of the ISM, and  is the absorption

coefficient per unit length, which equals the total extinction cross-section of dust:

_ dn(a; s) :
=, i (a)da; (1.2)

where N(S) is the number density of grains at wavelength  with effective grain size
a. The cross-sections ( (a)) from both scattering and absorption are functions

of the effective size of the grain.

At typical ISM temperatures (T ~ 20-200; K), emission is concentrated at mid-
to far-infrared (mid-IR to far-IR) wavelengths and is negligible from the ultraviolet

(UV) through the near-infrared; that is, j (n;s) = 0. Equation [1.1] yields:

I (n;s) =1 (mO0)exp( ), (1.3)
Rs _ R +1 R+1 dn(_ ;s) : et
where o Us= ,7da , 7 ds =g~ (a), is the total extinction cross-

section of all dust grains at wavelength along the line of sight. The quantity is
referred to as the optical depth. The commonly used observable extinction, A( ), is

proportional to the optical depth, as defined by:

AC)  2:5log(Fobs/ Finginsic) = 1:08 (1.4)

where T, is the observed flux at wavelength , and Fi,ginsic 1S the “intrinsic” flux if

there were no dust extinction.

Extinction as a function of wavelength, which is proportional to the optical depth

as a function of wavelength, is referred to as the extinction curve.



Cross sections and grain size distribution 5

If the distribution of grain size is uniform along the line of sight, that is,
if the number density can be separated into a a normalized size distribution and an

overall number density term:
n(a; s) = ny(a)n,(s); (1.5)

extinction will be an indicator of the dust column density:

YA
A()=108 / Sds N, (S) (1.6)
0

This idea is widely used in studies of the ISM. For example, dust extinction is
often used to trace the column density of gas under the assumption that dust and gas
are well mixed. However, this relies on the assumption that the dust size distribution
remains the same along the line of sight. As an example that violates this assump-
tion, if dust grows through accretion, the cross-sections increase and thus extinction
increases, even though the dust column density remains unchanged.

As the ISM density increases, the evolution of dust can affect the cross section
significantly. Changes in extinction can arise from grain size distribution, chemical
composition, alignment of dust grains, etc, making extinction a key observable for
studying dust physics and chemistry. In the following sections, I review the physics
of extinction cross sections and the efforts of modelling on size distribution of dust

components.

1.3 Cross sections and grain size distribution

1.3.1 Mie theory and its extensions

To study the physical properties of dust through extinction, it is essential to link the

cross sections to the dust’s physical morphology and chemical composition. As-



6 Cross sections and grain size distribution

sumptions must be made when relating macroscopic extinction to the microscopic
morphology of dust. The zeroth-order approximation assumes that all dust grains are
spherical, with a single degree of freedom, the radius ’a”. In this case, the scattering
and absorption cross sections (Cs.,, Caps) can be calculated using Mie theory, which
provides the solution to Maxwell’s equations. The total extinction cross section,

Cext, 1S the sum of both cross sections:

Cext = Csca + Cabs (17)

In Mie theory, the scattering cross section is

2 X
Csca = (2n + 1) janj2 +jbnj2 ; (18)

n=1
while the absorption cross section is

2 XK

Cabs = 2_ (2n+1) Re(an +hby) janj2 + jbnj2 ; (1.9)

n=1

where Re() stands for the real part. a, and by, are Mie coefficients determined by the

material of the dust grain, wavelength and the dust grain radius a.

When the grain size a is much smaller than the wavelength , such as in the case
of dust extinction in the near- or mid-infrared, the extinction predicted by Mie theory

approaches the Rayleigh limit:

8
Csa = — 1.1
5 (1.10)

Under the Rayleigh limit, the cross section scales as 4, meaning that small grains
contribute negligibly to extinction at longer wavelengths. We refer to this as

Conclusion 1.
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In the other extreme case, when a , such as for mid- and far-UV photons

extincted by large dust grains, Mie theory approaches the “extinction paradox”:

Ceu =2 a% (1.11)

which is twice the geometric area. The factor of 2 is known as the “extinction para-
dox,” highlighting the difference between classical and quantum mechanics. In this
limit, the extinction cross section becomes independent of the wavelength, so large
dust grains contribute a ogrey termo to the extinction. We refer to this as Con-

clusion 2.

However, in reality, the assumption of spherical dust grains is over simplis-
tic. Spherical grains cannot account for polarized extinction or emission, both of
which require alignment of non-spherical grains. Polarized emission has been ob-
served ubiquitously in all-sky surveys. For example, the Planck survey has re-
vealed large-scale variations in the thermal dust emission (Planck Collaboration
et al], 20204,b,d), as shown in Figure [I.1. Polarized extinction has also been widely
detected. Serkowski et al) (1975) observed 180 stars and and derived an empirical

relation between the polarization fraction of extincted starlight and wavelength:

P( M/Pmax = exp  1:1510° (/) (1.12)

where .« 1s the wavelength where the maximum interstellar linear polarization

Pmax OCCUTS.

To account for dust grain alignment without over-complicating the model, re-
searchers usually adopt a first-order approximation: the dust grains are spheroidal,
with one axis shorter then another two equal-length axes: a; < a, = az. Compu-
tation of cross-sections of spheroids is computationally expensive, so I adopt a pre-

computed library (Draine & Hensley, 2021a) in this thesis, which provides average
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PLG DQG IDUOD@ORBIHBWARP SXWHG WKH HIWLQFWLRQ FU
Rl W\SHV RI 3$+V DV IXQFWLRQV RI ZDYHOHQJWK DQG L
PHDVXUHG 3$+ | HOBOX QHHIME MO OORFL HWHISORUHG WKH
HIITHFW RI GHK\GURJHQDWLRQ RI 3%+ V&HRFK W KHRW H®/Q E ¢
HW DO SURSRVHG WKDW WKH FKDUJH VWDWH RI3$+V FRX
WKH 89 EXPS DQG W K/H. QDHUWSD WKBMH TXDQWLWDWLYHO\ P
W K H IHDWXUH ZLWK FRPELQDWLRQ RI SHULFRQGHQVHC
FKHPLFDO FRPSXWDWLRQV

,Q WKLV ZRUN , DGRSW WKH OLEUD4H @V G$H FURMM\QNH F)

ZKLFK LV GHYHORIS®IE ILRMQBDLQH ,Q WKLV

PRGHO WKH FURVV VHFWLRQV RI3%$+V DUH VLPSOLILHG W
UDGILX@G WKH JUDLQ FKDUJH

6L]H GLVWULEXWLRQ RIVPDOO JUDLQV 3%+

2EVHUYDWLRQV DQG H[SHULPHQWY KDYH SODFHG FRQVW
3$+V %\ PRGHOLQJ WKH VWDWHY RI K\GURJHQDWLRQ DQ¢
/IH3DJH HW DRDYH IRXQG WKDW WLQ\ 3$+V IHZHU WKDQ
SHUPROHFXOH DUHUDSLGO\GHVWUR\HG 7KLV LV VXSSF
DEVRUSWLRQ IHDWXUHYV ZKLFKDUHFKDUDFWHULVWLF RI
LQJWKH +XEEOH 6S&EB\WRFOHNWBEROH JOLFK HW D®H
PLIWXUHV RI 3%+VLQ ODE WKDW UHSURGXFHG 89 EXPSV Z



&URVV VHFWLRQVDQGJUDLQ VL]H G

PLQHG E\WKH PHDQMWMHIAQLBEK+HWW PIHHUUHG WKDW WKH REVH
c EXPS FDQ EH SURGXFHG E\ 38+ PLIWXUHV ZLWK PHDQ V
DWRWHIOLFK HWIORZHG WKDW 3%+ PLIWXUHV FDQ UHSURG)
HIWLQFWLRQ FXUYHV ZLWKRRW YKBOOPHDWXUHV EHWZHH
,Q WKLV ZRUN , DGRSW WKH F$FHHQWIGH\G LV IWIURE XWLRQ RI
WKHLQLWLDO GLVWULEXWLBRLRKILHFW DWMGHYHORSHG IURP

idnS$+_XZ
n, da

2)

j=1
ZKHWUH YV WKH QXPEHU GH®QVVY W\KRI BSIHFBL ¥H:UDGLXV
a2=30 DQ&0:40 ,DGERRSW52 10’ +1 D@BE=8:09 101 +1
IURPHQVOH\ 'UDLQMKHVL]IHGLVWULEXWLRQRI3%$+VLVVKRZ(

JLIXUH,QLWLDO VL]H GLVWULEXWLRQ RIWZR FRPSRQHQWV |
WKHVH@VOH\ 'UDLQM[LV LV WKHHIIHFWLYH UDGLXV RI GXV
D[LV LV WKHHTXLYDOHQW YROXFHI B I+GEV RIJHIDD YR B HQ XK
.60



OHWKRGRORJLHVIRUGHWHUPLQLQJH[WLQFWLRQ FXUYH)

JLIXUH([WLQFWLRQ FXUYHV FRQWULEXWHG E\3%+V UHGC
EOXHGDVKHGOLQH \ D[LVLVWKHRSWLFDO GHSWK SHU
LVWKHZDYHOHQJWK

OHWKRGRORJLHVIRUGHWHUPLQLQJ

%\ GHILQLWLRQ H[WLQFWLRQLVY FDOFXODWHG E\ FRPSDL
LQIHUUHG LQWULQVLF VSHFWUD L H WKHVSHFWUD RI'W
GLVWDQFH ZLWKRXWDQ\LQWHUYHQLQJ GXVW 7KHUH DU
LQWULQVLF VSHFWUD 3SDLUPHWKRG  DQG33IRUZDUG PRC
WKH PHWKRGV XVHG WR PHDVXUH HIWLQFWLRQ FXUYHV D
PDGH WKURXJK WKHVHDSSURDFKHV )LQDOO\ ,LQWURGX
ZDUG PRGHOLQJ ZKLFKFRPELQHV WKHDGYDQWDJHV RI E

SDLUPHWKRG

7TKHSDLUPHWKRG FRPSDUHV WKHVSHFWUDRIDUHGGHQH
GDUGUHIHUHQFH VWDU  RI VLPLODU VS HRMWYDMHW\BE XVL!

6WHFKHU7KHNH\DGYDQWDJH RI WKLY PHWKRG LV LW\
LQVWUXPHQWDO V\VWHPDWLFVY SDUWLFXODUO\LPSRUW
GDWDVHWYVY WKDW FRYHU GLITHUHQW ZDYHOHQJWK UDQJH
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PLQLPDO VDPSOH VL]HV ,QSULQFLSOH DVLQJOHSDLURIU
VWDUV VKRXOG VXIILFH +RZHYHU WKLV PHWKRG IDFHV WK

$)LQGLQJUHIHUHQFH VWDUV ZLWK LGHQWLFDO W\SHV FD

$7KH VSHFWUDO IHDWXUHV RI WKH UHIHUHQFH VWDUV PD
WLQFWLRQ FXUYHYV

$6WHOODU H[WLQFWLRQ EHFRPHV QHJOLJLEOH RQO\ IRU
6XQ ZKLFKVLJQLILFDQWO\OLPLWV ERWK WKH QXPEHU R
WKHLU VSHFWUDO W\SHYV

ODQ\VLJQLILFDQW GLVFRYHULHV KDY H)EMHPWGHANY L QJ
0DVVD FRPSDUHG UHGGHQHGVWDUVZLWK VWDQGLE
WKHLUH[WLQFWLRQFXUYHVLQ89XVLQJWKHLQWHUQDWLRC
SDWULFN ODVMRBRQG WKDW WKH CEXPSSRVLWLRQLV VWD
ZLGWK ):+0 FDQYDU\IURP CcWR ¢ 7KHZLGWKRIWKH EXI
LWLYHO\ ZLWK WKH GHQNSIDW RL FNK A YW]BDWULFN 0DVVD

IRXQG WKDW DOO RIWKHLU 89 H{IWLQFWLRQ FXUYHV F
SDUDPHWHUPRGHO NQRZQDV WKH)0SDUDBPBWEBLFDWLRQ
HWDO GHULYHG 89 H[WLQFWLRQFXUYHVLQWKHOLON\:D
FRPSDULQJWKHLU ,8(VSHFWUD ZDVWKGWR®UHWIDBQFH VWD L
VSLWH RI WKH VLIJKWOLQHY FDQ EH GH\ODWHMFLE\ &&0 S
HWDO UHSRUWHG WKDW VLJKWOLQHVLQ GHQVHPROHFXC
DWH IURP &&0 8VLQJFBDGWRPHWMKEB@GULYHG VLIJKWOLQHV LQ
60& DQG VLIKWOLQHRWIGR®Y KKV/D®XQG WKDW WKH PDMRUI
RI WKH /0& 60& HIWLQFWLRQ FXUYHV GR QRWUBAQRZ WKH &
HW DO XVHG SDLU PHWKRG IRU VWDUV DQG IRXQG VWUR
a( ))A(V) DQAMR(V) LQ WKH IDU 89 ZDYHOHQJWK UDQJH

/IDUJH VSHFWURVFRSLF VXUYH\V KDYH VLIJQLILFDQWO\ ID
WLQFWLRQ FXUYHV XVLQJ WKH SDLU PHWKRG E\ SURYLGLQJ



OHWKRGRORJLHVIRUGHWHUPLQLQJH[WLQFWLRQ FXUYH)

VSHFWURRDMQ SMVDEXLOW D ORZ HIWLQFWLRQ UHIHUHQFF
VWDUV XVLQJ VWHOODU SDUDPHWHUS$ETHDMYLD® IR D 6'6

LWKWKHVH UHRKXLGYIWHHVMNDMWHUPLQHG UHGGHQLQJF
KLIKHU HIWLQFWLRQ VWDUYV XKDQJ HWRDNFFRPH MWL W VXQ Y F
XVHG FRPPRQ VWDUV RIX$HWV2 ®/O5DQG *DLD ;3 VIBHFWUD
$QJHOL HWORQWHJIJULIIR HHYKXDQJ HW DBXLOW WKH UHIHUHC
VDPSOH RI VWDUV DQG XVHG WKHVH VWDUV WR GHUL
KLIJK TXDOLW\VRXUFHV

JRUZDUG PRGHOOLQJ

7KHIRUZDUG PRGHOLQJPHWKRG GHULYHV LQWULQVLFVS
PRGHOV HQDEOLQJVLPXOWDQHRXVY GHWHUPLQDWLRQ RI
HWHUV ZKLOH SURYLGLQJ VHOI FRQVLVWHQW HVWLPDWH
PHWKRG WKLV DSSURDF R EW R LW K] B DD KMWDKU VSDFH
WKH WUDZQWERXWWHTXLULQJ VSHFLILF ORZ H[WLQFWLR
FKDOOHQJHV RIIRUZDUG PRGHOLQJLQFOXGH

$)OX[FDOLEUDWLRQ LV QHFHVVDU\

$(PSLULFDO PRGHOV UHTXLUH ODUJHU DQG PRUH UHSU

SDUHG WR WKH SDLU PHWKRG

$3RWHQWLDO VIVWHPDWLF HUURUV ZKHQ XVLQJ WKHR L

UHSURGXFH REVHUYHG VSHFWUDO IHDWXUHYV

f'LIILFXOWLHV LQ GHDOLQJZLWK VI\VWHPDWLF HUURUYV

WLSOHLQVWUXPHQWYV

7KLV PHWKRG KDV EHHQ GHYHORSWG RYRGHWRQJ SHU
PLQHG WKH LQWULQVLF VSHEWUD RI WKHLU VDPSOHYV E\ I
WLQXLWLHV ZLWK WKWRIHWUEDND FOBMYBWVRSHG D PHWKR
QDPHG *H[WLQFWLRQ ZLWKRXW VWDQGDUGV' LQ ZKLFK V
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frdv) DV

frév) = TodvT wilOB;JO/ H;w) élO 0:4E (B VITk( V) R(V)]i

ZKHWHY LV WKH PHW DY @/KFH. WAFURW X UE X GHQ/FW K'HH OR FL W \
DQJXODU VL]HpRE WEHHMEFWHG E\WKH WKHRUHWLFDO PRGH
EL.XUXF] )LW]SDWULFN O®BNWBIUPLQHG ERWK VWHOODU W\
H[WLQFWLRQ FXUYHV VLPXOWDQHRXVO\E\ILWWLQJWKHRE
J)LW]SDWULFN ODY¥SOLHG WKLV PHWKRG WR 2% VWDUYV
WKH ZLGWK RI WKH c IHDWXUH YDULHV VLJQLILFDQWO\ Z
ZDYHOHQJWKWYSTOWGLFN ODUVRIRXQG WKDW QR FOHDU FR
EHWRM ®QG WKH VKDSH RI WKH 89 EXPS LQ WKH PDMRULW
+RZHYHU IRU VLJKW QQ B VVZ L SADRVKILLIFNH VOIRMXMDG W K D W
WKH VWUHQJWK RI WKH EXFR$V) V ,IQOMKHA R 0 OR@W/HTRUN K
SDWULFN ODWMDXGLHG WKH QHDU ,5 H{WLQFWLRQ FXUYHV C
H[SRQHQW LQ WKH SRZHU ODY BQ\W IH PRIRPEVDIDAOH G Z L W K
SDWULFNHWBOLYHG H[WLQFWLRQFXUYHVZLWK WKLV PHW
VWUXFWXUHV RQ WKH HIWLQFWLR@)FXUYHVY WKDW DUH LQG#

‘DWD 'ULYHQ IRUZDUG PRGHOLQJ

6WXGLHV XVLQJ IRUZDUG PRGHOLQJ KDYH EHHQ OLPLWHG \
89 EULIJKWQHVYVY 2% VWDUV DOVR H[KLELW UHODWLYHO\ VI
PRGHO ZLWK WKHRU\ +RZHYHU 2 % VWDUV DUH VSDUVHO\ (
PDNLQJ LW GLIILFXOW WR WUDFH WKH ' YDWKRWVRQ RI GXV
WKHGLVWULEXWLRQ RIPHDVXUHG H[W2RQG WQ RIQFFFKW YKV W F

DOQBUGRQHWD® FRQWUDVW PRGHUQ SKRWRPHWULFD
VXUYH\V LQFOXGH QXPHURXV QRQ 2 % VWDUV WKDW KDYH ¢



OHWKRGRORJLHVIRUGHWHUPLQLQJH[WLQFWLRQ FXUYH)

VWXGLHVY WKURXJKWKH SDLUPHWKRG VHHG6HFWLRQ

2YHUWKH SDVWGHFDGH VLJQLILFDQW SURJUHVV KDV E
IRUZDUG PRGHOLQJ ZKLFK FRPELQHVY WKH DGYDQWDJHYV
LGHD LVWR VLPXOWDQHRXVO\OHDUQ LQWULQVLF VSHFW
REVHUYDWLRQDO GDWD ZKLOHPLQLPL]JLQJDVVXPSWLRQ\
PHWKRG KDV WZR NH\DGYDQWDJHV

$6HOI FRQVMRMHKQRWULQVLF VSHFEWUD DQG H[WLQFWL

UHFWO\IURP WKH GDWD ZLWKLQVWUXPHQWDO V\VWH
$3RSXODWLRQ EDWRNEKHDWQQFEWLRQ DQG VSHFWUDO
IHUUHG IURP WKH ODUJH QXPEHU RI VSHFWUD LQ WKH
IURPLQGLYLGXDO UHIHUHQFH VWDUYV

&RPELQLQJ $8DPMHZVNL HWDMHOODU SDUDPHWHUV DQG
ULF VXUYH\V 3DQRGHSTFHEHW DADS666NUXWVNLH HW DO
DQG :,6ULIKW HW D6CFKODIO\ HWPIHDVXUHG YDULDWLRQ R}
WLRQ FXUYHV IRU VWDUV /LNHIRUZDUG PRGHOLQJ
SKRWRPHWULF GDWD DV

mi=f (Tui[) HH)+ i+ RoE}

ZKHWHVY WKH YHFWRU RIWKH SKRWIRPWWH LS G B RRSIW R DL
. 5ORIO SFLV WKH G LV W DR AN RRGIXID[XWL Q F\ELIRQ FXUYH
D VFDODU WKDW UHSUHVHQW \(TW ¥ HABID RIXGW HRV HHO W/ IVOW KVH
SLQWULQVLF  VSHFWUD XQUHGGHQHG REVHUYHG DW S
SHUDWXUH DQG PHWDOOLFLW)\ ,QVBFKD® FO\XMWL QDWKHR L
DVVXPPHGXQNQRZQ DQG SDUDPHWHUL]JHG LW XVLQJ SRO\C
WKH FRHIILFLHQWY OHDUQHG IURP WKH GDWD

7KLYV DSSURDFK LV HTXLYDOHQW WR PRGHOLQJ WKH LQ'
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WKH SKRWRPHWULFLQVWUXPHQWY ZKLFKDYRLGV WKH FRF
DVHV DV LQ WKH WUDGLWLRQDO IRUZDUG PRGHOLQJ 8QOL
DOORZV H[WLQFWLRQ FXUYHV WR EH FRQVWUDLQHG IRU VYV
FRXQWHUSDUWYV

6EFKODIO\ HWIRGR(®) YDULDWLRQV WKDW KDYH VLJQLILFDC
WKDQ WKH W\SLFDO VL]HG6FEIKROROBFK/MOFRRREYG DQWL
FRUUHODWRR/Q EQ® YBHPWURD WEKGHIXVW HPLVVLYLW\ ZKL
FRQVWUDLQWY RQ WKH GXVWHYROXWLRQPRGHOV DV ERWK
GLVWULEXWLRQ

7KH NH\ OLPLWDW L REFRDW KM HRUNENKH FURVYV PDWFKLQ
EHWZHHQ SKRWRPHWULF VXUYH\V DQG WKH $32*(( VSHFWU
VWHOODU SDUDPHWHUYV 7KHLU VHIMHRWIHI®BO $32*"(WDUV UH
'5 VRXUFHV EXWODWRH WRBAWWDUV LQ WKH SKRWRPHWULF V

$GGUHVVLQJ WKUHBQPHWD@HRAORSHG D GDWD GULYHQ
WKDW H[SDQGV WKH DSSOLFDELOLW\RIGDWD GULYHQ IRUZ
VLFVSHFWUD GLUHFWO\IURP SKRWRPHWULF GDWD ,GHDOC
EDQGV WKDQ XQNQRZQ SK\WVLFDO SDUDPHWHUV IRU HDFK V\
FRQVWUDLQHG ,Q SUDFWLFH ZKLOH WKH SKRWRPHWULF E
WKHUHIRUH PRUH EDQGYV DUH UHTXLUHG IRU WKH SDUDPHYV
QXPEHU RI SKRWRPHWULF EDQGV RIWHQ H[FHHGV WKH QHF
7KLVLVHVSHFLDOO\WUXHZLWKWKHLQFUHDVLQJGHSWK DC
VXUYHIMHQ HW DWUDLQHG WKHLU PRGHO ZLWK VWDUV FURV
WURVFRSLF VXUYH\V /$0267 $32*((DQG *$/$+ DQG XVHG V
IHU SDUDPHWHUV IURP SKRWRPHWU\ ZLWKRXW UHO\LQJRQ
GDWD ,QFRDESRNDMI@D[HY HQDEOHV WKHP WR SUHGLFW WK
DVDEVROXWH H[WLQFWLRQ FXUHHQ H\Y \DWDK B GHRS WK B &H Q L C

(PLVVLYLW\ LV DO VRDEPHQRWHGE DWUHG SRZHU ODZ LQGH[ RI HIWLQFW!|
VSHFLI\WKH SK\VLFDO PHDQLQJ ZKHQ HLWKHU LV EHLQJGLVFXVVHG



(I WLQFWLRQ FXUYHV

WKHPHDQ H[WLQFWLRQ FXUYH OH D&RKIDIWR PEDWD LV FR
LIFRQYHUWHG WR UHGGHQLQJ

7KHLGHD RIWKLVWKHVLVLVYGHYHORSHG FURPIQYKH GDW
HWDO :HKDYHSXEOLVKHIGDQK HAZREM@E®DQJ *UHHQ

ZKLFK DUH GLVFXVMN®G &REXWB W H U

7R FRQFOXGH WKLV VHEFWLRQ , VXPPDULHVY WKH PHDV X
SDUDPHWRW)JH® BLIXUHIXUH)LIXUW QG )LJIXILRU
9DOHQFLF HWMWGRQ HW BBKODIO\ HW=K® QJHW DO
VHSDUDWHO\

(IWLQFWLRQ FXUYHYV

,QWKLVVHFWLRQ ,VXPPDUL]JHNH\IHDWXUHV RI H[WLQFW
UDPHWHUL]DWLRQV IROORZHG E\D EULHI UHYLHZ RI GLVI
IHDWXUHV 7KHVH FRUUHODWLRQV UHYHDO SK\VLFDO RU
IHUHQW GXVW FRPSRQHQWY PDNLQJWKHP FHQWUDO WR"
WLQFWLRQ $OWKRXJK WKLV WKHVLV DLPV DW PHDVXULQ
PRGHO SUHYLRXV ZRUNV SURYLGHLPSRUWDQW LPSOLFD

7KHPRVW ZLGHO\UHFRJQL]HRMIWAQ@FBBRY)SDUDPHWH
ZKLFKFRUUHODWHY ZLWK GXVW SURSHUW L&DADFHRY Y WK |
HWDO SURSRVHG WKH FDQRQLFDO SDUDPHRN\JUL]DWLRQ
IURP 89 WR QHDU LQIUDUHG UDQJH WKHDIEDHORGHD VO

SDUDPHWHUL]H HIWLQFWLRQ FXUYHV DV

ACAV) = a(x) + b(x)/ R(V);

ZKHUH/ a(x) D@ KDYH GLITHUHQW IRUPV LQ GLITHUHQW Z
*LYHQ WKH GHPRQVWUDWHG VXFFHVV RI WKH &&0 PRGHO



(IWLQFWLRQ FXUYHV

J)LIXUH OHDVXR(WGURP 2 % VVWDOMEKLF HWDIER U

GRQ HW DOSORWWHG LQ JDODFWLF FRRUGLQDWHYV 7KH JUH
WRXU RI KLIJK HIWLQFWLRQ UHJLERQN5 ZDW K W\ HGFWH[RQ Q F V
FXUYHV PHDVXUHG ZLWK KLJK UHVROXWLRQ VSHFWURVFR S
WDLOHG VWUXFWXUHV EXW DUH OLPLWHG E\WKH VSDUVH G

JLIXUHOHDV)>R(MW E\6FKODIO\ HWXM2L.QJ FURVYV PDWEFK UHV XO)
$32*((DQG SKRWRPHWULF GDWD 8WLOLJLQRMNUZDUG PRGH
RI VWDUV :KLOHWKHFRYHUDJHRIWKHVN\LV OLPLWHOC
UHVXOW VKRZV ODUJRMWFDOH YDULDWLRQ RQ

GLVFXVVLRQ ,Q WKHIROORZLQJVHFWLRQV ,ILUVW GLVFX
GLIIHUHQW ZDYHOHQJWK UDQJHV DQG WKHQ UHYLHZ WKH G

, O IHDWXUHYV

(IWLQFWLRQ LV JHQHUDOO\ ZHDN LQ WKHK LQRUDWHG UDQJH
ODUJHU WKDQ PRVW RI WKH L@V RUVSFHR 06 UEGIXW R/ RWUSE ED
FXVVLRQ LQ 6HEFWLAGRWLRQ FURVV VHFWLRQWIRGBRZ D SR
5D\OHLJK OLPLW VR LWLV QRW VXUSULVLQJWKDW ,5 H[WLQ
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JLIXUHOHDV) RUM E\=KDQJ HW DXVLQJIRUZDUG PRGHOLQJ
VSLWHEHLQJOLPLWHG E\/$0267 IRRWSULQW PRUH VWUX

JLIXUH:HPHDWRMKKVLQJGDWD GULYHQIRDNZD V®RARGHOLQ
ZKHUHLQWULQVLFVSHFWUDDQGH[WLQFWLRQFXUYF
REVHUYHBVSHFWUD HQDEOLQJDB@)VN\PHDVXUHPHQW F
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