Volatility-of-Volatility Risk in Asset
Pricing

Te-Feng Chen

Tarun Chordia

San-Lin Chung
Ji-Chai Lin



Motivation

Large literature on the relation between market volatility
and returns

= Campbell & Hentschell, Glosten (1992), Jagannathan, Runkle
(1993)

Time-varying market volatility changes investment
opportunity set by

= Changing expectations of market returns

" Changing risk-return trade-off

Market Volatility is a systematic risk factor
= Ang, Hodrick, Xing, Zhang (2006)
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Market Volatility is Volatile

"= Market crashes seem to be occurring quite frequently
= 1987 - Black Monday
= 1997 — Asian financial crisis
= 1998 — Russian financial crisis
= 2000 - Dot.com crash
= 2001-9/11
= 2008 — Financial crisis
= 2010 - Euro crisis
= 2020 - Covid-19

* |f market volatility is volatile
= |s Volatility-of-Volatility, VOV, a priced risk factor?
" |s VOV related to crashes?



Model

= General equilibrium, representative agent model with Epstein-
Zin preferences. Discrete time exchange economy.

= Extension of long-run risk model of Bansal and Yaron (2004) and
variance-of-variance model of Bollerslev, Tauchen and Zhou (2009)

Consumption growth glt+1 =pulg+xlt+olt
zlgt+1

Long run risk X+l =plxxit+plxolt
zix,t+1

Economic uncertainty clt+1T2 =pulo+plo oltT2 +
glt zlo,t+1

Economic Varof Var qglt+1T2 =ulg+plg gltT2
+lg 71l 741



Model Results

= Market return is negatively correlated with market volatility and VOV

CVRVImt =Covit [rim,t+1 ,Vimt+1 [<0
CVRQIm =Covit |rimt+1,0imt+1 |1<0

* Regression coefficient of 7”\[772, (+1 on CVRVImt is negative
while that on Q4L is positive

rmit+1 —rift=a+LICVRV Tpred CVR
Vimt+elt+1 ; fSLCVRV Tpred <o

rmit+1 —rift=a+IQTpred Qimt +
clt+1 ; flQTpred >0

= Risk premium on asset i

Elt [P+l [-rift=Nm COVit|rioe+1, rimit+1]+

NI 7~ #0417 +1 1 I/ 1 1 1



Estimation

» Recall EVE [l t+1 [—-rift=Nm COVIt|riit+1,
rmt+1,. MV coVie|riot+1 Vime+1,+ A0
covit|rice+1, Qdm,t+1

m )7 proxied by VWRETD, V{772 proxied by Avix

. le estimated using five-minute SPX data as per the following steps

1. Intraday stock returns 7 JZ+ 1,/'ElOgU[5\llL+j'/5'\ll'+j—1 /,

j'= 1,2,.../M (# of 5-min intervals)
2. Barndoff-Nielsen and Shephard (2004) show

3. Following Bakshi, Kapadia, Madan (2003), estimate intraday model-free
annualized implied volatilities using 30-day out-of-money SPX calls and puts



Data

Tick-by-tick quotes for SPX from CBOE’s Market Data Report (MDR)
= January 1996 — December 2015
= Linearly interpolate for maturity =30 days
= Linearly interpolate moneyness levels

OptionMetrics
= Daily data for stock options and SPX
= Zero Coupon interest rate curve and index dividend yield

Daily and monthly returns from CRSP
Compustat for accounting variables
Intraday transactions data from TAQ

AVIXIt+1 =VIXie+1 - ViXit
AVUV, ACVRV, ASKEM/, and AKX URT as residuals from

ARMA(1,1)



Preliminary Results

CVRVIt=—0.053—0.452 VOoVit, RT2=0.293,

(-2.70)

ACVRVIt=—0.000—0.399 AVOVLit, RT2=0.406,

(-2.54)

VRPIt=0.174+0.145 Vovie, RT2=0.069,
(2.53)

VRPIt=0.164—0.277 CVRVIt, RT2=0.146,

(-2.07)

ACVRVIE=—0.000—0.050 AVZXit, RT2=0.039,
(=1.90)
ACVRVIt=—0.000—0.845 AVRPLt, RT2=0.044,
(-1.91)

ACVRVIt=0.000—0.389AV0Vit —0.019AV/Xit —0.259AVRPLE, RT2 =0.424,

(—2.54) (-151)

(-1.18)



A. Dependent variable = daily rSPX=rf (1)

(1) (2) (3) (4) (3)

Intercept 0457 (-0.29) 0720 (-0.46) 0843 (0.36) 2807 (099 -0.229 (-0.16)
FIX (t-1) 0.024 (0.29) -0.059  (-0.63) 0002 (-0.61) -0.145 (-1.12) 0.012 (0.16)
VOV (t-1) 5.000  (2.10) 4.770  (2.05) 4.767 (2.05) 4.739 (1.66)
CVRV (t-1) -4.864 (-1.91) -0.674 (-0.28)
FRP (1-1) 13136 (3.75) 13307 (3.83) 14.847 (3.72)

SEEW (t-1) 2076 (1.56) 2300 (L74)

KURT (t-1) 0213 (143) 0201 (1.33)

JUMP (t-1) 0.074 (0.70) 0.064 (0.62)

rSPX-rf(t-1) -0.061 (-3.29) 0.039 (-2.14) -0.037 (-2.05) -0.033 (-1.77) -0.061 (-3.26)
Adj. R? 012 019 01% 016 012

B. Dependent variable = monthly rSPA=1 (i)
(1) (2) (3) (4) (3]

Intercept 0.058 (0.06) 0.087 (-0.12) 0418 (0.33) 0825 (0.67) 0.029 (0.04)
VIX (t-1) 0.006 (0.13) -0.022  (-0.70) -0.028 (-0.87) -0.048 (-1.39) 0.008 (0.20)
FOV(t-1) 1.671 (2.73) 1.142 (2.02) 1.141 (1.92) 1.753 (1.52)
CTRF (t-1) -0.478 (-2.15) 0.050 (0.10)
FRP (1-1) 4747 (4.14) 4591 (3.83) 50601 (4.97)

SKEW (t-1) -0.230 (-0.19) -0.098 (-0.08)

KURT (t-1) 0.062 (-0.36) -0.039 (-0.48)

JUMP (t-1) 0014 (029 0.006 (0.12)

rSPX5rf(t-1) 0,104 (1.39) 0.069 (1.02) 0080 (1.17) 0,100 (1.35) 0.101 (1.34)
Adj. R 008 059 050 052 003




Predictive Regressions

1-month horizon

[1] [2] [3]
Intercept 0.358 (1.15) -0.387 (-1.39) -0.402 (-1.44)
FOV (t-1) 1.620 (2.85) 1.003 (1.98)
FRP (t-1) 4,994 (5.01) 4.773 (4.92)
Adj. B 007 061 061
00S-R? 018 * 005 * 083 *

G-month honzon

[1] [2] 3]
Intercept 2.462 (1.20) 0.310 (0.18) 0.261 (0.15)
FOV (t-1) 5.048 (2.37) 3.261 (1.80)
FRP (t-1) 14.533 (6.77) 13.816 (7.76)
Adj. R 011 on 073
00S-R? - 053 011 - 011




Asset Pricing Tests

= Portfolio formation
= Pre-ranking betas from stock-level time-series regressions at daily frequency

rot+1 —rif,t+1 =adi +LEMKT MKTIt+1 +
LLLVIX AVIXItA1 + L5 VOV AVOVIe1 +
slit+1

= |ndependently sort into 5x5 portfolios based on ﬂ\ll, VIX and ﬁll, Vov

= Form value-weight portfolios and then obtain post-ranking betas

= Conditional model

rp,t+1 —rifit+1 =adp + Ll MKT,t MKTIt+1 +
LI VIX,t AVIXIt+1 +LIp, VOV AVOVIe+1 +
slp,t+1

Y v o rnl!l .o o ngagrorry vy NIl o angarorryryrroryvwl o4



Asset Pricing Tests

= Other models

o+l —rf,t+1 =adi + Lo MAT MKTItH1 +

BLLVIX AVIXLt+1 +BLLSKEW ASKEWt+1 -
BLLKURT AKURTLt+1 +lit+1

Wot+1l —rifft+ 1 =adi + L MRKT MATIt+1 +
LLLVIX AVIXItA1 + L0 STR STRIH1 +lit+1

Wot+1l —rifft+ 1 =adi + L MRKT MATIt+1 +

LLLVIX AVIXIt+H1 +LLLVOL VOLIt+1 +£lit-

-1

Wot+1l —rifft+ 1 =adi + L MRKT MATIt+1 +
LLLVIX AVIXI1 + L6 JUMP JUMPLe+1 +elit+1



Control Portfolios ranking a-FFC4 a-FF5 a-HXZ

vanables 1 2 3 4 3 5-1  r-stat 3-1 f-stat 3-1 f-stat
A. Performance of B; yqy-sorted porifolio, controiling for B; vix
B vix 0.92 0.71 0.50 0.51 0.20 -0.86 (-2.79)  -0.62  (-2.50)  -098  (-34])
B. Performance of B; yix-sorted portfolio, controlling for [B; vov
B; vraw 0.68 0.65 0.68 0.57 0.26 -0.63 (-2.57) -031 (-141) -044 (-1.79)
C. Performance of B;yqy-sorted portfolio, controlling for each control variable
Size 0.24 0.29 0.28 0.21 -0.16 ﬁ.il} (-1.94) 036 (-2.24) -0.56 {—m\
BM 0.42 0.14 0.01 0.03 -0.26 -0.68 (-2.48) -0.52  (-2.21) -0.84 (-3.06)
RET 2 12 0.07 0.05 0.08 -0.06 -0.44 -0.51 (-1.926) -0.36  (-1.92) -0.60 (-1.68)
RET 1 0.15 0.11 -0.05 0.02 -0.47 -0.61 (-2.16) -041 (-1.81) -0.74 (-2.75)
ILLIQ 0.10 0.25 0.23 0.13 -0.32 -0.42 (-1.98) -0.36 (-2.01) -0.60 (-3.10)
B; skew 0.23 0.20 0.00 0.00 -0.41 -0.64 (-2.37) 047 (224 -0.79 (-319)
B; xurT 0.15 0.09 006  -0.06 -0.43 -0.50 (-2.14) -043 (-19) -0.75 (-3.00)
B; sTr 0.21 0.09 -0.12 -0.04 -0.53 -0.75 (-2.63) -051 (-2.21) -0.88 (-3.3])
B; voL 0.19 0.07 -0.09 -0.10 -0.50 -0.70 (-2.29)  -045 (-1.88) -0.86 (-3.03)
B: jume 0.19 0.15 010 -0.05 -0.51 070 (-2.49) -046 (2000 -0.83 (-3.12)
B; ran 0.37 0.23 0.01 -0.09 -0.32 kl}.ﬁﬂ (-2.37) 049 (-1.91)

D. Performance of each alternative variable sorted portfolio, controlling for B yix
Bivvix -0.36 -0.14 -0.09 0.17 -0.16 0.20 (0.75) 0.04  (0.16) 024  (0.92)
Bivrp -0.17 0.01 0.05 -0.06 -0.39 -0.23  (-1.08) 0.00 (-0.00) -0.01 (-0.06)
Bi jov -0.18 0.06 -0.06 -0.02 -0.30 -0.12 (-0.47)  -0.14 (-0.54)  -0.17  (-0.63)




Fama-MacBeth cross-sectional regressions

A Consiant beta models

Test portfolios Bivaov *Bivix Bivov *Bivix Bivov *Bivix Bi vov *Bivix 100 portfolios
[1] [2] [3] [4] [3]
Intercept -123 0 (-108) 037 (039 032 (025 -156 (-08% 051 (-05%)
Bp.MxT 184 (159 099  (0.8%) 030 (022 220 (1.26) 1.06  (1.16)
Bovix 7.0 (-1.83)  -382 (-1.08) 417 (-095) -584 (-1.18) 230 (-1.19)
By.vov 2335 (251 -305 0 (-2.33) 0 <301 (-2.84)  -250 (-242) -L49 (-20T)
Bpvix 096 (-0.07)
Bp.sms 046 (057 019 (-0.21) 055 (119
B, mme -0.14 (026 084 (-1.17)  -0.50 (-1.13)
B,ump 086 (-0.96)
Bp.rmw 100 (1.60) L1 (252)
Bo.cra 062 (-1.06 052 (-1.08)
Bo.skew 1.81 (1.11) 136  (0.83) 0.04  (0.07)
Bp.xurt 203  (-0.71) 343 (033) -722  (-1.16)
By, me 166 (-009) -1612 (074 -1473  (-1.11)

Adj. B 10 63 67 10 40




Fama-MacBeth cross-sectional regressions

B. Time-varving beta models

Test portfolios Bi vov *Bi vix B: vov *Bi vix 100 portfolios 100 portfolios 100 portfolios
[6] [7] [8] [9] [10]

Intercept 104 (1400 062 (-053) 121 (248) 095  (1.17) 030  (0.33)
Bp.axr 036 (049 121 (101)  -065 (-139) 041 (-045 024 (025
By.vix 131 (041) 44  (-1.11) 242 (-1.15) 353 (144  -187 (099
:ﬁp,-.w 2327 (254 2730 (2600 -led (-2.25) -L09 (-l65) -L10 (-l.66)
IEp_.HHT.'I-"

B muT.0 0.00  (1.81) 012 (034 014  (0.40)
Bo.vix,o 013  (1.83) 0.00  (2.59) 0.06  (1.80)
Bp.sms 031 (-1.85) 021 (-271) -016  (-1.95)
Bo.emr 011  (-0.25) 013  (030) 075  (140)
Bp.ump 013 (032) 014 (033) 04 (-1.09)
Bp.raw 2110 (<154 047 (074

Bo.caa 114 (2.44)
Bo.sxew 058  (-1.26)
Bp.xurT 025  (0.36) 036  (0.52) 000  (0.14)
Bp.juste -117 (022 018  (0.03) -537  (-0.88)

Adj. B 1552 (-125)  -1526  (-119)  -1519  (-L11)




C. Fama-MacBeth regressions. Individual stocks

Constant beta models Time-varying beta models

[1] [2] [3] [4]
Intercept -1.11 (-0.97) 0.50 (0.39) -0.07 (-0.06) 1.38 (1.07)
logiSize(8h)) -0.28 (-4.95) -0.19 (-2.95) -0.27 (-4.92) -0.18 (-2.92)
logiB/M) 0.12 (1.04) 0.10 (0.81) 0.12 (1.03) 0.10 (0.82)
RET 2 12 033 (0.95) 0.19 (0.51) 0.34 (0.98) 0.19 (0.52)
RET 1 -1.66 (-2.70) -1.54 (-2.15) -1.65 (-2.68) -1.54 (-2.15)
ILLIQ10°) 0.50 (2.50) 2.99 (3.11) 0.50 (2.54) 3.01 (3.12)
Bip, sz 2.01 (1.67) 0.42 (0.31) 1.02 (0.82) -0.40 (-0.30)
Bipvix -0.02 (-0.00) 4.00 (0.85) 238 (0.59) 5.50 (1.20)
Bipvov -3.05 (-4.29) -3.10 (-4.20) -1.18 (-1.98) -1.29 (-2.03)
Bippxr 0.25 (0.53) -0.35 (-0.67)
BivmeT.o 0.20 (4.11) 0.16 (2.62) |
Bipviz.o -0.48 (-4.42) -0.40 (-2.88) |
IVOL-TVOL 0.78 (3.87) 0.77 (3.86)
CIVOL-PITOL 4.10 (6.66) 4.06 (6.68)
Adj. B? 07 08 07 08
Mo _nhs 566 205 R0 35 566205 IR0 235




Crash Periods

Normal periods Crash periods
(1) (2) (3) (4)
A. Crashit) =1 if MKT1) <-13.10% (Mean-3*SD of MKT)
Intercept -1.22 (-1.07) -0.65 (-0.56) -2.67 (-6.70) 3.68 (1.13)
Bp.sxr 1.98 (1.69) 1.30 (1.17) 1403 (-64.19)  -20.52 (-5.43)
Bo.vix -7.35 (-1.87) 480 (-1.21) 23.65 (2.70) 48.45 (7.37)
By.vov -3.20 (-2.47) -2.71 (-2.58) -10.44 (-1.96) -5.30 (-4.15)
Bp.merv 0.94 (1.86) -3.87 (-4.58)
Bo.mzT.0 0.13 (1.81) 0.42 (0.53)
Bo.vix,o -0.30 (-1.82) -1.00 (-0.63)
Adj. R 60 70 27 18




Barillas and Shanken

M1 M2 loglike  #param AlC loglike loglike  #param AIC AATC

M) (M) M)  (M2)  (M2®) (M) (M) (MI-MD)
FFCA+VIX FFC4 (21797 ) 20  -43105 (17400 4365 10 43150 449
FFC4+ 70V FFC4 [21749 | 20  -43008 |17400| 4202 19 43004  -036
FFC4VIX VOV~ FFC4  |26161 | 27 51782 |17400| 8661 25 51622 -1509
FE5+rVIX FF5 30713 | 27 60886 |26260| 4433 6 60884 017
FF5+rVOV FF5 30500 | 27 60641 |26269| 4204 26 60607  -340
FF5+rVIX VOV FFs  \3s044) 35 69388 \26060) 8733 33 60345 426




Conclusion

VOV is an important determinant of market risk premium
= Exacerbates the negative covariance between market return and volatility
= Predicts future market returns
= Adds to the Sharpe Ratio of standard factors (FFC4 and FF5)

VOV risk is priced in the cross-section
= Stocks with higher VOV betas have lower returns

Unconditionally, VIX beta and market beta are not priced

= Consistent with theory, conditional component of VIX and market beta is
priced

During crashes
= Premium on VOV risk increases during crashes
= Premium on VIX and Mkt have wrong sign during crashes



